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INTRODUCTION

At the Studsvik Research Centre are situated certain

for Sweden unique facilities, in the first place the 50 NW

reactor R2 and the 1 MW reactor R2-0. These facilities are

of great interest for applied research and development but

also for fundamental research. The Studsvik Science Re-

search Laboratory has been established in order to take

advantage of these possibilities of basic research. Beside

its own research programme the laboratory serves as a basis

for those university groups who wish to use the facilities

at Studsvik for their projects, providing them with labora-

tory and office space, clerical and technical services, and

access to its heavy equipment.

The channels around the ::2-reactor are equipped with

spectrometers and diffractometers for experiments using

neutron scattering as a tool. Various problems in the

condensed state physics, and to some extent also on com-

pressed gases, have been attacked. The programme comprises

the study of molecular motion in liquid metals and salts,

the determination of static and dynamic scattering factors

in liquid metals, and the diffusion of hydrogen in alloys.

Another field of research is the elementary excitations in

1
3
liquid He and studies of the nuclear spin ordering in solid

He.

The experimental studies of the physics of the

condensed state are backed up by theoretical work.

The study of crystal structures has continued both

with single crystals and powders in collaboration with

groups from Luleå, Lund, Göteborg, Stockholm, Umeå, and

Uppsala. High quality results have been obtained for a

number of compounds. Extensions to studies of liquid

structures and protein structures will be possible in the

future by means of two new diffractometers, one under

construction and the other in the planning stage.



Another project at the reactor is to equip one of the

channels with filters for the production of aonoenergetic

neutron beans. An iron filter (24 keV) and a silicon filter

(144 keV) are available, and a scandium filter (2 keV) is

planned. These monoenergetic beams are foreseen for re-

search in physics, biology, nedicin, and applied sciences.

In connection with the exchange of the reactor tank

foreseen for the latter half of 1984 the channel system is

being redesigned. The new system should make possible a

substantial increase of the neutron fluxes and, thus,

iaproved conditions for the neutron scattering experiments.

The R2-0 reactor has a lower neutron flux than the

R2-reactor, but it is provided with wide openings through

the biological shield making it possible to place bulky

equipment in positions with considerable neutron fluxes.

This is used in the isotope-separator-on-line experiment

OSIRIS where the integrated target-ion source is situated

close to the reactor core in fluxes up to 4 x 10 thermal
2

n/cm /s. The main research activity has been connected to
studies of the decay properties, including the emission of

delayed neutrons, of short-lived, very neutron-rich fission

products using the conventional ion source arrangement. In

addition, nuclear reactions are being studied, thermal
235

neutron induced fission (independent yields) of U at

OSIRIS and heavy-ion induced reactions as a collaboration

project with research groups at Lawrence Berkeley Laboratory

and Oregon state University. A development project is to

provide the separator with a new target-ion source which can

reach higher temperatures than the present one. This

decreases the delay in the system and, consequently, in-

creases the yield of short-lived species.

A 6 MV Van de Graaff-accelerator capable of deli-

vering high currents is the main heavy research facility

belonging to the laboratory. It is equipped with ion



sources for both light and heavy particles. The successful

development of a post-bunching technique has given the

research group a very competitive position as regards high

resolution neutron spectroscopy (up to more than 20 MeV

neutron energy) by means of time-of-flight methods.

The Van de Graaff-accelerator is used for various

experiments in neutron physics and related fields including

precision measurements of the elastic scattering of neutrons

from carbon to be used as reference cross sections. Other

reactions under study are (a,n)-processes in nuclei of

astrophysical importance. As part of the development of

precision techniques, the laboratory has participated in an

international intercomparison of fast neutron fluence

determinations. The Van de Graaff-accelerator is also used

for integral determinations of the decay heat in nuclear

fuel, for the development of neutron diagnostical methods

for use in fusion experiments, and for analytical determina-

tions using the PIXE technique.

The radiation chemistry group has continued their

studies of primary reactions in crystalline organic ma-

terials using pulse radiolysis and ESR spectroscopy tech-

niques. The structure of the ions and the secondary

radicals is established by ESR-measurements, and the

kinetics of the decay of the ions is determined after

irradiations with a pulsed 800 kV electron accelerator of

type Febetron. The optical properties and the reactions of

trapped electrons have been investigated. Recently,

cationic species of hydrocarbons have been studied using

ESR.

Before entering into detailed descriptions of the

current projects at the laboratory it is a pleasure to

acknowledge the efficient assistance of the staff which has

greatly facilitated the accomplishment of the scientific

programme. Of great value has also been the support of the

administrative unit of the Natural Science Research Council.



The laboratory has been financially supported by the
Natural Science Research Council and the Board of Technical
Development. Valuable support in various ways has also been
given by Studsvik Energiteknik AB.

Gösta Rudstan
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1. VAN DE GRAAFF-ACCELERATOR, APPLICATIONS

1.1 Van de Graaff-accelerator

L Norell

The Van de Graaff accelerator has been run with

protons, deuterons and helium ions with both DC and pulsed

beams. 1448 hours were used by scientists, 130 hours for

maintenance and 145 hours were required for unforeseen

stoppages.

The distribution of the available machine time

between experiments performed by physisists from various

institutes is shown in Table 1 and between different ex-

perimental branches in Table 2.

Table 1 The distribution of the machine time between

various institutes (in per cent)

The Studsvik Science Research Laboratory

Universities: GWI

Studsvik Energiteknik AB (work done for

JET)

73.2 %

22.9 %

3.9 %

2 The distribution of the machine time between

different experimental branches (in per cent)

Neutron physics

Nuclear physics

Neutron diagnostics for JET

Elemental analysis

47.4 \

25.8 %

3.9 %

22.9 %
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More maintenance time for unforeseen stoppages was

required during 1983. The reason for this is that the

bearings of the upper end bottom pulley had to be replaced.

One of the old bearings failed after running for 3800 hours,

normally they can be used about 7000 hours before preventive

replacement.
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1.2 Neutron capture in the giant multipole resonance

region

N Olsson

I Bergqvist, P Ekström, and R Zorro, Department of

Physics, University of Lund, Luni

A Håkansson, A Lindholm and L Nissson, Tandem

Accelerator Laboratory, Uppsala

(This work has been performed at the Tandem

Accelerator Laboratory, Uppsala)

Previous work on neutron capture in selected nuclei

over the entire mass region has shown the importance of

direct and semidirect processes in the giant resonance

region. The reaction cross sections ran be described by

means of a direct-semidirect (DSD) model, which represents

the combined effect of the direct and semidirect processes

including interference. In order to extend these studies,

measurements of the radiative capture of neutrons in

potassium have been performed during the year. The analyses

of these measurements are in progress.

Recently, a request for the funding of a new large

Nal crystal has been granted. This will drastically improve

the resolution of the gamma detector, thus making high

quality (n,i) measurements possible.

The development of high efficiency neutron detectors

of different types is in progress. They are intended to be

used at GWI, Uppsala, for studies of giant resonances

excited by the (a,a'n) and other reactions. Both plastic

(NE 102 A) and liquid (NE 213) scintillators have been used.

The time resolution has been investigated at the Van de

Graaff accelerator in Studsvik, using the excellent pulse
9

properties of this machine and the Be(-d,n) reaction. The

results showed that resolutions below 1 ns could be achieved.
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Tests of the detectors in environments close to those

expected at GWI have been performed by participating in an

experiment at the KVI cyclotron (k=160) in Groningen,

Holland. Studies of the Pb(a,a'n) reaction at E -120 NeV

showed that n-y discrimination probably is needed. This

implies the use of NE213 as scintillator material. Further

experiments of this type with improved detectors will be

performed at KVI.
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1.3 Precision measurements of neutron reference cross

sections

1.3.1 Internationalintercomgarinonof_fastneutronfluence

dfterminations

N Olsson and B Trostell

P Andersson, University of Lund, Lund, Sweden

The laboratory has participated in an international

intercomparison of fast neutron fluence determinations under

the auspices of Bureau International des Poids et Mesures

(BIPM), Paris. The work has been coordinated by Dr H

Liskien, Central Bureau for Nuclear Measurements (CBNN),

Geel, Belgium.

The intercomparison was based on activation through

the In(n,n') In reaction, and our group used a proton

recoil telescope for the neutron flux determinations at

neutron energies of 2.5 and 5.0 MeV. The intercomparison

lead to the revelation of systematic measurement errors when

using this telescope, depending on a weakness in the con-

struction of the instrument.

The cooperation with Dr H Liskien, CBNM, will there-

fore continue with neutron flux measurements against the

CBNM telescope aiming at a new construction of this type of

device together with other groups in Sweden.

1.3.2 ?eferencecrosssectionsfor_the_C|nin2_process

N Olsson and B Trostell

The program for studies of the secondary standard

reaction C(n,n) comprises cross section measurements at a

number of standard energies around 8 and 22 MeV, chosen with

regard to minimizing disturbing interference from resonances.
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In order to determine the incident neutron energy

accurately a facility for direct measurement of the neutron
1)flight time over a known flight path has been developed

Together with the greatly improved time resolution of the

neutron spectrometer, elastic scattering angular distribu-

tions of high accuracy can now be recorded. Relative cross

sections are determined by correcting the scattering yield

at different angles for the variation of detector efficiency

with energy. The absolute cross sectioi. scale is fixed by

comparison with the primary standard (n,p) reaction, using
2)thin parallelepipeds of polyethylene . Examples of spectra

recorded with a polyethylene sample at 7.9 and 21.6 MeV

incident neutron energies are shown in fig 1. Both spectra

were recorded at a scattering angle of 20° and, as can be

seen, the carbon and hydrogen elastic peaks are well sepa-

rated .

Measurements of angular distributions will now

continue in a large set of recordings, thus minimizing the

experimental (statistical) errors.

References

1. N Olsson and B Trostell, A routine method for accu-

rate neutron energy measurements ir. the range 1-20

MeV, accepted for publication in Nucl. Instr. Meth.

2. M Drosg, Nucl. Instr. Meth. JjQ£, 573 (1972)



- 7 -

2000-j

1000.

u
u

+J

c
o
u

2000_

1000_

E = 7 . 9 MeV
n

9 = 20°

C(n,n ')

i i i T

E = 2 1 . 6 Me V
n

6 = 20°

• r I i

C(n,n)

(n,p)

i i r i i i r i i i T i

1500

C ( n , n )

C ( n , n "

i T i i i r r T t i i r i i

1600 1700
Channel number

Fig. 1



1/ \
- 8 -

1.4 Elemental pro fil i ner in the Studsvik nuclear

microprobe (SMP)

Ulf Lindh- and Erland Johansson

Since it became operational in 1975, the SMP has

been applied successfully to a number of areas of biomedical

significance. These include occupational hygiene, cell

biology and clinical medicine. The work has been performed

in close collaboration with scientists from several depart-

ments of different universities in Sweden, Norway and

England.

The positional resolution of the microprobe, i.e. the

smallest beam spot attainable at analytically meaningful

particle intensity, has been improved from the original

20 gm x 20pm to 5 pm x 5 ym. At this resolution, which is

the level originally aimed for, the beam current has been

0.5-1 nA and this resolution has been in use since 1980.

During 1983 major work has been undertaken to trace

and adjust different parasitic aberrations in the lens

system. This has made possible the use of a 3 tin x 3 IJH

beam spot at ca 100 pA. Taking into consideration the

reduction of beam current due to collimation only, the beam

current should have been 200-350 pA. This level was not

attained because of remaining aberrations. These are at

present dominated by chromatic (intrinsic) and rotational

(parasitic) aberrations. Work is underway to improve on

lens performance by adopting a new quadrupole configuration.

During the last year several areas of importance have

been investigated using the SMP. Using an elaborate centri-

fugation technique it has been possible to isolate viable

blood cells from apparently healthy humans. The blood cells

have been trapped onto extremely thin (ca 20 nm) films of

formvar, quenche-freezed to the temperature of liquid
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nitrogen, freeze-dried and subjected to microprobe analysis.

Since the red cells are very uniform with a diameter of 7

pm, they are easily analysed for their elemental profile in

the SMP. Also the kind of white blood cells called nautro-

phil granulocytes of diameter 10-12 pm can be analysed.

Even the smaller, diameters 2-4 pm, thrombocytes may be

probed with the 3 pm resolution. In this way a set of

completely new data on elemental profiles in blood cells was

produced.

Another important application of the SMP is the

profiling of blood cells from patients with connective

tissue diseases such as rheumatoid arthritis. In red cells

and neutrophils abnormal concentrations of magnesium and

calcium were revealed. The most conspicuous feature,

however, was the presence of strontium in the neutrophils of

these patients. Twenty patients were followed during

therapy with corticosteroids. The effect of the therapy was

to alter the elemental profiles towards normal levels; the

most pronounced effect was observed for the strontium levels

which were almost completely normalised. The role of

strontium in these deseases is, however, not yet known.

A lot of other pathological disorders have been

investigated and these include lymphatic and myeloid

leukemia, both acute and chronic forms, aplastic anemia,

morbus Bechterew, Down's syndrome, mammary cancer, Alz-

heimer's disease, neuronal ceroid lipofuscinosis and metal

syndromes.

1.5 List of publications

1. N Olsson and B Trostell, A routine method for

accurate neutron energy measurements in the range

1-20 MeV, accepted for publicaton in Nucl. Instr.

Meth.
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2. NEUTRON PHYSICS AND NUCLEAR ASTROPHYSICS

2.1 Compilation of actinide neutron nuclear data

P Andersson
Lund Institute of Technology, Lund

H Condé
National Defence Research Institute, Stockholm

A Etemad
Chalmers Institute of Technology, Göteborg

C Nordborg
NEA Data Bank, Gif-sur-Yvette, France

G Olsson
Studsvik Energiteknik AB, Nyköping

B Trostell

Work is in progress for the publication of a revised

version of Ref. , where an extended number of actinides,

which are important in nuclear energy technology, will be

considered. New experimental data as well as revised and

new evaluations will be added. The resonance data will also

be extended by giving group cross sections in the resonance

region.

References

1. P Andersson, J-E Christiansson, H Condé, H Häggblom,

H Nordborg, M Sandberg and B Trostell, Compilation of

Actinide Neutron Nuclear Data, KDK-35, NEANDC (OR)

153/L, INDC (SWD) 13/L, SKI B32/78 (1979)
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2.2 Neutron scattering at 22 MeV

B Holmqvist, N Olsson, E Ramström and B Trostell

The aim of the present experimental program is to

collect a homogenous set of differential neutron elastic and

inelastic scattering angular distributions of high accuracy.

The experimental elastic scattering data should be used for

studies of the spin-orbit interaction and also the isobaric

spin dependence of the optical model potential without

disturbing components from compound elastic scattering. In

a similar study performed earlier at the laboratory at

neutron energies < 8 MeV the magnitude of the spin-orbit

potential depth has been determined from large angle scatte-

ring data, and the existence of an isobaric spin term has

been confirmed in the optical potential. It is of outermost

importance in such studies to use the uncharged neutron as a

probe since the interpretation of the data can be facili-

tated in an essential way by neglecting the Coulomb inter-

action .

Furthermore, by observing inelastic neutron scatte-

ring to different excited states in nuclei collective

processes can be studied, which can give information about

deformation parameters and their isobaric spin dependence.

In order to facilitate these experiments at 22 MeV

the time resolution of the time-of-flight spectrometer has
2)been improved. The previously described post bunching

facility has now been operated routinely for more than a

year. The new tritium gas handling system has been found to

operate very reliably as well as the novel gas target

roristruc.'tion, successfully tested with deuterium gas at

piosr.urec up to 4 atm and beam currents of 3 (JA.

The two neutron detectors, consi-sting of 05"x2" NE 213

liquid scintillators coupled to 5" RCA 88f>4 PM tubes, have
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been supplied with voltage dividers of a novel construe

tion , giving excellent time resolution and linearity up to

large pulse heights. The latter is essential not only for

proper constant fraction operation, but also for the quality

of the n--y discrimination.

The total time resolution in the scattering measure-

ments can now be kept as low as 700 ps.

The shielding of the detectors in the spectrometer

has been improved by adding a considerable amount of Hevimet

( 90 % tungsten) for stopping the direct flux from the

target. Different geometries wore tested, resulting in a

shadow bar with a length of about 70 cm.

Relative efficiency calibrations of the detectors

have been performed up to 22 MeV by measuring angular

distributions from the T(d,n) reaction, using thin absorbed

TiT? and ZrT_ targets. These measurements are very crucial

because processes like C(n,n'-f) and C(n,3ot) begin to contri-

bute to the efficiency at energies above 15 MeV, and these

effects arc difficult to calculate accurately. The measured

relative efficiency for one of the detectors is shown in

fig. 1.

Measurements of neutron scattering angular distri-

butions for a number of nuclei will now be performed until

1985.

References

1. B Holmqvist, Arkiv Fysik, 1£, 403 (1968)

2. N Olsson, Nucl. Instr. Meth. 187. 341 (1981)

3. R W Finlay, Ohio University, Athens, Ohio (private

communication)
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2.3 Experimental determination of total and non-elastic

cross sections for neutrons in the energy region 20

- 200 MeV*

B Holmqvist and T Wiedling

The Studsvik Science Research Laboratory

H Condé, Per-Ulf Renberg and O Sundberg

The Gustaf Werner's Institute, Uppsala

The total neutron cross section is one of the very

few nuclear reaction parameters which can be determined by a

straight-forward absolute measurement. For that reason the

total cross section is a quantity of fundamental importance

in connection to studies of partial neutron cross sections

as for instance (n,n), (n,n')r (n,p), (n,a) etc. Previous

total neutron cross section work has essentially been

performed at energies up to about 20 MeV, but the present

state of the art allows high precision measurements to be

made even above that energy.

The results of such measurements are of course useful

in studies of the traditional nuclear optical model. These

studies can be extended to include investigations of nuclear

models describing the nucleon-nucleus interaction in terms

of fundamental properties of the nucleon-nucleon system.

The charge state of the neutron makes it a very useful probe

for such investigations since there is no Coulomb

interaction between neutrons and nuclei.

The total neutron cross sections exhibit an energy

dependence characterized by broad maxima and minima for most

elements. These resonances have been interpreted as a

nuclear Ramsauer effect being due to destructive and con-

structive interference between neutron waves transmitted

through the nucleus and those diffracted around it. The

large width of the resonances supports the assumption that

the neutron will make only one passage through the nucleus
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and not undergo several reflexions which would give a small

resonance width. In the neutron energy region suggested for

the measurements i.e., between 20 and 200 MeV, there will be

exellent possibilities to study the energy and mass depen-

dence of these resonances. Since the Ramsauer resonances

are related to the size of the nucleus studies of total

neutron cross sections for different nuclei will give

information regarding nuclear radii and on the distribution

of nuclear matter in these nuclei.

Accurate measurements of total neutron cross sections

on separated isotopes are also interesting since these

results will allow detailed studies of the isobaric spin

potential part of the nuclear optical potential.

At present facilities are being prepared for the

total cross section measurements at the GWI cyclotron at

Uppsala.
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2.4 Studies of thermonuclear reactions with applications

to astrophysics

B Holmqvist and E Ramström

2.4.1

9 12

The Be(a,n) C reaction has been studied for labora-

tory bombarding energies between 0.44 and 0.77 MeV with the

thick target technique. This energy range corresponds to

stellar temperatures between 0.50 and 1.17 Tg, i.e. in the

range of hydrostatic burning. The emphasis of the experi-

ment has been to measure the neutron yield from this reac-

tion under very clean target (99.95 %) and vacuum (<10

torr) conditions in order to avoid as much as possible

deposits on the beryllium target of the everywhere existing

carbon and other contaminations. With this effort contri-

bution to the neutron yield due to, for instance, the

C(ot,n) 0 reaction has been drastically reduced.
The observed neutron yield was used to determine the

9 12excitation function of the Be(o,n) C reaction shown in

Fig. 1. Two resonances are observed, viz. at 0.530 and

0.618 MeV corresponding to the levels at 10.996 + 0.005 and

11.080 + 0.005 MeV, respectively, in 13C. It is also

possible to excite levels in C at 10.753 + 0.004 and

10.818 + 0.005 MeV besides the lev. s mentioned above. These

two levels correspond to o-particle energies in the labora-

tory system of 0.152 + 0.006 and 0.246 + 0.007 MeV, respec-

tively. At the lowest energy used in the present investi-

gation, viz. 0.44 MeV, only the yield between 0 - 0.44 MeV

could be determined. It was found to be less than one per

cent of the yield obtained in the energy range 0 - 0.60 MeV.

Thus there are no significant resonance effects in the
9Be(a,n) C reaction due to the 10.753 and 10.818 MeV levels

in 1 3C.

9 12The excitation function of the Be(a,n) C reaction
9

was used to determine the lifetime of the Be nucleus to
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(a,n) reactions. For this purpose Breit-Wigner expressions

were fitted to the resonances at 0.530 and 0.618 MeV. The

cross section curves corresponding to these resonances were

then subtracted from the excitation function of the
9 12Be(a,n) C reaction. The remaining curve consists of a

non-resonant part plus contributions from low energy tails

of resonances at higher a-particle energies. Since it was

not possible to separate these two effects they were treated

together as one "non-resonant" contribution. The lifetime

corresponding to the sum of the resonant parts, i.e. the

resonances at 0.530 and 0.618 MeV and the "non-resonant"

part, has been plotted in Fig. 2. as a function of the

temperature Tg in the region 0.02 < Tg < 0.70. In order to

make a comparison with the data of Davids (1) (the point

dashed curve) and values calculated by using the reaction

rate expression according to Fowler et al. (2) (the dashed

curve) our curve has been extrapolated to lower tempera-

tures, i.e. from 0.5 To to 0.02 T.. It is clear from the
9 12data of the present work that the Be(a,n) C reaction is

somewhat slower for Tg > 0.14 than the data of Davids (1)

indicate. This is also the case for the data of Fowler et

al. (2) throughout the Tg range studied.
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2.4.2 The_27Al(a,n)3OP reaction

The meteorites are the best source of information

regarding the earliest history of the solar system. Until

recently the conclusion was generally drawn that solar

system material had been thoroughly homogenized prior to

formation of the sun and the planets. However, since 1972,

several elements have been found to have isotopic variations

of nucleosynthetic origin. Thus, in some groups of meteo-

rites, the carbonaceous chondrites, unaltered presolar

grains have been found to contain a substantial excess of
26

Mg which could have arisen from in situ decay of
26Al(7.3x1O5 years). If 26Al was present in the solar

nebula at the time of condensation of these grains, it must
27have crystallized along with stable Al in these minerals

with an initial ratio (26A1/27A1)O- After the crystalli-

zation process the grains are considered not to go through

any high temperature stage leading to metamorphic recrys-

tallization which would destroy their identity. Today the
26 27

initial ratio ( Al/ Al) can be determined from the ratios

Mg/ Mg and Al/ Mg which can be measured by using the

mineral grains.

In order to find an explanation for the differences

observed in the isotopic ratios on earth and in meteorites

mentioned above it is of interest to study all those reac-

tions that are responsible for the production and the

burning of the different isotopes. The aim of the present

work is to study the thermo-nuclear reaction Al(a,n) P in

the a-particle energy region 3.05<E<3.66 MeV, which corres-
_9

ponds to the temperature range 2.1<Tg<2.8 (Tg=Tx10 K). This

temperature range is of interest in connection with the

synthesis of elements in the solar system and in stars

during explosive carbon burning. As in the measurements on
9 12the Be(a,n) C reaction reported in the previous section

the experiments have been performed with a thick and a very

clean target (99.9999 %) and under clean vacuum conditions
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(< 10 torr) using a neutron detection system allowing

measurements of cross sections in the ranges of nb and Mb

The excitation function of the Al(a,n) P reaction deter-

mined from the observed neutron yield is shown in Fig. 3

where the circles are the data of the present work. The

cross sections reported by Flynn et al. (squares) and by

Howard et al. (triangles) have also been included in the

figure. It is obvious that several resonances in the

Al(ct,n) P reaction, which have not been reported earlier,

have been observed. Thus it is seen that neutron groups at

ot-particle energies of about 3.07, 3.20, 3.24 and 3.30 MeV

are excited corresponding to levels in P at 12.328, 12.444

and 12.455, 12.479 and 12.497 and 12.547 MeV respectively.

Since the resonances observed in the Al(ot,n) P

cross section curve are close to each other and therefore

sometimes overlap, the calculations of the lifetime using

the procedure for isolated resonances would be very compli-

cated and uncertain. Anyhow, in order to get a rough

estimate of the lifetime a smoothed-out cross section curve

was derived from the experimental data. The lifetime of tne
27 27 30

Al nucleus to interaction via the Al(ot,n) P reaction

calculated jfrom the smoothed-out curve has been plotted in

Fig. 4 as a function of the temperature T g in the region

2.08<Tg<2.80 which corresponds to the laboratory energy

range from threshold up to 3.70 MeV. For comparison the
2)data of Flynn et al. (dashed curves) and those from 4)statistical model calculations according to Woosley at al.

(point dashed curve) have also been included. It is clear

from our data that the Al(ct,n) P reaction is somewhat

slower for TQ<0.5 than is indicated by the data of Flynn et
2) A)

al. and by those of Woosley et al. .
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3. NEUTRON ABSORPTION AND SCATTERING

3.1 Neutron scattering studies in condensed matter

research

R Dejus, M Jungmar, J Kemenes, T Kinell and K Sköld

3.1.1 Introduction

Present areas of research include study of the

fundamental properties of solid and liquid He at milli-

Kelvin temperatures and the study of the physical properties

of superionic conductors. The neutron scattering research

on superionic conductors is complemented by radioactive

tracer diffusion experiments and by Molecular Dynamics

computer simulation studies. The group maintains close

collaboration with scientists at. Argonne National Laboratory

in all these areas of research and with Dr I Ebbsjö at NFL

in the Molecular Dynamics program.

3.1.2 Instrumentation

The mechanical upgrade of the triple-axis spectro-

meter ha?, been completed, and the instrument is now fully

equipped with absolute angle encoders and stepping motors. A

comprehensive software package for use of the instrument in

various modes of operation is under development.

A major effort, during the year has been the planning

for the modifications in the neutron scattering instrumenta-

tion connected with the change of reactor vessel during the

second half of 1984. A mock-up experiment at the R2-0

reactor, designed to optimize the beam tube gt^ometry, has

been prepared in collaboration with the reactor department

at Gtudsvik and with the neutron physics group at the Petten

laboratory, Holland. The actual experiments will be done

during January and February of 1984.
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3.1.3 ll£5!entarv_excitations_in liauid_ He

The planned start of the neutron scattering experi-

ments on liquid He at milli Kelvin temperatures was delayed

by an accident with the correlation chopper. A bearing

failure resulted in major damage, and it was necessary to

manufacture a new chopper disc. This was done at Argonne and

the entire facility, including the dilution refrigerator, is

now assembled and tested. Several sample cello were mea-

sured at low temperatures during the end of the year,and

cells both for SVP and for high pressure experiments are now

on hand. The actual experiments are now planned to begin in

the spring of 1984.

In the continuation of the liquid He project,

special emphasis will be on measurements with improved

energy resolution, such that the spin- and density-

fluctuation spectra can be resolved over a wider range of

momentum transfer. This will allow a detailed evaluation of

the spectral, shape of the components which, in turn, will

elucidate the nature of the effective interaction between

particles. Recent theoretical results show that this

information can be used as a basis for a microscopic

description of the superfluid phases of liquid "He

Experiments at elevated pressure are also planned.

From the variation of the effective interaction with den-

sity, unique information regarding the importance of the

zero point amplitude for the local screening of the repul-

sive interaction can be derived. These results will be used

to test the hypothesis that the difference in the effective
3 4

interaction in liquid He and in liquid He is due to the

difference in mass, and thus zero point amplitude, rather

than to the difference in the quantum statistics of the two

systems (Fermions and Bosons respectively).
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The experiments on liquid He are done in collabora-

tion with scientists from Argonne (Dr D L Price and R Kleb),

from PTB Braunschweig (Dr R Scherm) and from the Low Tem-

perature Laboratory at Otaniemi (T Jyrkkiö), all of whom

spent time at Studsvik for the preliminary experiments

during the year.

3.1.4 Nucléar_spin_orderina in solid _He

The bcc phase of solid He is known to undergo c.
2)nuclear magnetic phase transition at <**1 .1 mK . The

underlying reason for the transition is quantum mechanical

exchange interaction between the spins. The phenomenon is

the only known case where direct physical exchange of

particles results in an exchange coupling which is strong

enough to cause nuclear spin ordering at observable tempera-

tures». The transition is generally assumed to involve an

antiferromagnetic spin structure in the ordered phase. This

has not been verified experimentally, however, and the

problem has attracted a great deal of attention in recent

years (for a review see J Landesman, J. de Phys. C6-13O5,

1978).

The only experimental method which measures the spin

structure directly is neutron diffraction. However, as

most of the neutrons are absorbed in the sample, the neutron

diffraction technique is difficult to apply in this parti-

cular case. The absorption leads to difficulties in two

regards; firstly, the experiment is severely intensity

limited and, secondly, the neutron absorption heats the

sample, which interferes with the cryogenics of the experi-

ment. The problem is compounded, as the limitation on the
-9heat input ( <**10 W) implies that the incident neutron flux

3 2must be below **10 n/cm /sec, which is several orders of

magnitude smaller than the flux normally used in diffraction

experiments.
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The neutron diffraction experiments on solid He are

made at the poised neutron source (IPNS-I) at Argonne and is

a collaboration between scientists from Argonne National

Laboratory, Northwestern University and the Studsvik Labora-

tory. A dedicated neutron diffractometer was assembled and

tested during 1982. The cryogenic equipment, including a

dilution refrigerator with a nuclear demagnetization stage,

was built by the low temperature groups at Argonne and at

Northwestern and successfully cooled to temperatures below 1

mK during the year.

Detailed calculations show that substantially higher

diffracted intensities are observed if a single crystal

sample is used. In a series of experiments during 1983,

single crystal samples were grown in situ in the cryostat;

the (110) reflection from one of these crystals is shown in

Fig. 1.

In order to fully determine the orientation of the

crystal, it is necessary that two reflections such as the

one shown in Fig. 1, are measured. Due to the finite

aperture of the detector, and also the fact that the present

sample cell can not be rotated, this has not been achieved to

date, however. We are presently rebuilding the detector

assembly such that a wider range of scattering angles will

be available, and a device which allows rotation of the

sample is being installed.

In the previous experiments, the heat leak into the

Cu demagnetisation bundle was too large. A new Cu-stage has

now been built which is made of a solid Cu-rod with slots to

decrease eddy currenal heating. The facility is presently

being reassembled,and a series of experiments are planned

for the spring of 1984.

A report of the experiments on solid He is given in

Ref.3).
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In collaboration with scientists from Argonne, from

the Otaniemi Low Temperature Laboratory and from Riso

National Laboratory a feasibility study of the determination

of the nuclear spin structure of Cu at pK-temperatures has
4)been made. A report of the study has been published . It

is concluded that the experiment is in fact feasible,but it

has not yet been decided at which of the four laboratories

the experiment will be done.

3.1.5 Fast_i.onic conductors

The intermetallic compound, (3-LiAl, is a mixed-

conducting electrode of large technological interest in

battery applications. In previous years the group has

studied the vacancy structure and the interaction between

vacancies from elastic neutron scattering experiments"'

The (3-LiAl system has many unusual properties which

indicate the existence of unusual bonding. In order to

elucidate the nature of the bonding we have studied the

lattice dynamics of p-LiAl by inelastic neutron scatte-

ring . Results for the phonon dispersion curves have been

obtained for the principal symmetry directions. A force

constant fib to the results shows thai, the Al Al force

constants are very large, compared with those in pure AT.

Pair potentials obtained from pseudopotontial calculations

were used to compute the phonon dispersion curves. Good

agreement is observed between theory and experiments for the

acoustic branches.

These experiments were done in collaboration with

scientists from Argcnne National Laboratory (Dr T O Brun,

Dr J E Robinson and 5 Susman) and from University of

Mir;:~.oiir i (Dr D F R Mildner). Torben Brun took part in the

measurement at the R2 reactor at Studsvik.

During the year we have started a major program in
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Molecular Dynamics (MD) simulation of fast ion conductors.

Extensive calculations have been made for the Ag_S system

and the results have been used to explain recent X-ray

results for the diffuse scattering and recent neutron

scattering results for the inelastic b

The MD-calculations are done in collaboration with Dr

I Ebbsjö at NFL and with Dr P Vashishta at Argonne. Dr P

Vashishta visited Studsvik twice during the year and Ingvar

Ebbsjö spent three weeks at. Argonne in November of 1983

during which time the final MD calculations for Ag_S were

made.
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3.2 Neutron scattering studies in disordered systems

U Dahlborg, B Granéli, M Grönros, T Johnsson,

L-E Karlsson, K-E Larsson, G Olsson and 0 Söder-

ström, Department for Reactor Physics, Royal

Institute of Technology, Stockholm

3.2.1 Introduction

The major component of the group's scientific program

lies in field of condensed matter research. The experimental

facilities include two time-of-flight spectrometers, one for

cold neutrons and one for thermal neutrons,both situated at

the research reactor R2. The group has also part time access

to the triple axis spectrometers operated by the group under

Kurt Sköld.

The scientific achievements of the group are briefly

discussed below.

3.2.2 Investigations on the molecular motion in liquid

metals

During the last years the group has to some extent

concentrated its efforts on studies of the structure and the

molecular motions in liquid metals. These results have

recently been reviewed .

Many different experimental methods are included in

these studies. Of course, inelastic neutron scattering is the

group's main concern but it is clear that in order to success-

fully interpret the measured dynamic scattering functions,

molecular dynamics calculations on the system in question

have to be made. Also detailed comparisons to different

theories and models have to be performed. However, this in

turn implies a knowledge of the effective interaction between

pairs of molecules in the system.
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3.2.3 Determination of_dy_namic scattering functions

The earlier determinations of the dynamic scattering

functions S(Q,E) for liquid lead and liquid bismuth have

been complemented with two more experimental investigations.

In order to study the temperature dependence of S(Q,E)

a measurement on liquid lead at 900°C has been made . The

measurement itself was very difficult to perform,and it was

found that extreme care has to be taken in order to properly

apply the experimental corrections. By simulating the experi-

mental conditions by the Monte Carlo technique it was, for

example, found that under certain circumstances peaks origi-

nating from the multiple scattering of a neutron first in

the sample and then in the container wall could appear in

the spectrum of scattered neutrons. These "false" peaks were

also seen experimentally. As compared to the one at 350 C

S(Q,E) at 900°C is even more structureless. An interesting

result is that for large Q the width agrees with the predic-

tions of the ideal gas model.

A special study of the scattering function for liquid

bismuth for 0.4 < Q < 1.5 Å has been undertaken '. Earlier,

this type of investigation has revealed the existence of

collective excitations in liquid lead. However, in bismuth

only very faint indications of this type of excitations were

detected. Thus it was possible to conclude, having the results

of the earlier measurements in mind, that the molecular motions

in liquid bismuth is different as compared to the classical

liquid metals rubidium and lead. Whether the specific behaviour

of liquid Bi is due to the presence of covalent effects still

prevailing in the liquid can, however, not be judged upon.

Both lead and bismuth are coherent scatterers,which

means that only the total scattering funciton is determined.

Accordingly no direct information on the self part of the

molecular motion is obtained. In order to study this,

experiments on liquid sodium using both thermal and cold

neutrons have been made. Sodium is a mixed scatterer, thus

having both coherent and incoherent scattering» but by
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restricting the study to small Q where the coherent contri-

bution is small S (Q,E) can be determined. The project is
s

performed in close connection with molecular dynamics cal-

culations on the sodium system by I Ebbsjö and T Kinell.

A first report has been submitted for publication.

3.2.4 Determination of static structure factors S(Q)

The applicability of the so called Placzek correction

to neutron diffraction work on liquids has been investigated
4)in detail ' It was shown that at least a brief knowledge

of S(Q,E) is necessary if a measurement of S(Q) is to be

properly corrected.

3.2.5 Studies on the structure and the molecular motion

in_binary_ salts both in the melt and in the super-

ionic _p_hase

Investigations of those binary salts which in the solid

phase undergo a transformation to an ion-conducting phase

have been going on for a long time. However, it is just recently

that a combination of molecular dynamics calculation and neutron

inelastic scattering has started to give us a deeper understan-

ding of this type of substances.

The project aims at accurate determinations of the

partial static structure factors and of the partial dynamic

scattering functions. These can be obtained by measurements

on samples with different isotope concentrations. The first

compound for investigation will be CuCl which means that at

least 5 separate measurements have to be performed. To

separate out the different component scattering functions

is extremely complicated and requires,in order to be success-

fully made, an extraordinary care in the data correction

procedure. This requirement also includes a complete know-

ledge of the neutron scattering properties of the container

material. Thus, the first measurements have been made in

order to determine the dynamic scattering function for quartz

(SiO~) at several temperatures. A report on the results is

at present under preparation.
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3.2.6

Neutron diffraction results by R Tellgren, Uppsala,

have shown that in the compound Pd-jP,, gHQ ~ the hydrogen

can take two different sites in the lattice. Inelastic

scattering measurements ' at the cold neutron spectrometer

has revealed that the hydrogen oscillates at a fast rate

between the two sites at both the investigated temperatures,

125°C and 242°C.
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3.3 Facility for filtered keV-neutrons

P Aagaard, K Sköld and N Ryde

Most of the experimental equipment is now in place. A

beam tube and a beam stopper have been installed and aligned

and the neutron and the gamma shields have been improved.

The Sovjet supplier of scandium was not able to

allocate metal to us this year. It is therefore not clear

at this time when the 2 keV beam will be available.

Contacts with other groups in Europe working on

filtered beams have been made. A cooperation is planned on

the problem of the neutron cross section at the window for

scandium; data for scandium supplied from eastern and

western countries do not agree.

We have had a number of meetings with groups that are

interested in using the facility, when operational in early

1984.
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3.4. Neutron diffraction

T Gustavsson, I Olovsson, H Rundlöv, R Tellgren,

and S Åhlin

3.4.1 Introduction

The equipment for neutron diffraction is a

national facility which is used by scientists from all

Universities and Technical Universities in Sweden. Data

collection and intrumentation thus has involved collabora-

tion with researchers from Lund, Göteborg, Stockholm, Uppsala

Umeå and Luleå. The international contacts with neutron diff-

raction groups in Grenoble, Brookhaven, Harwell, Kjeller,

Ris$, Saclay and Ottaniemi has been continued.

3.4.2 Instrumentation

The new single crystal diffractometer which

consists of a Huber 4-circle goniometer, a Data General Eclips

S/140 computer and an Aracor 1500 low temperature system is

now in operation and the first complete datasets both at room

and at low temperature have been collected. The old Hilger &

Watts 4-circle diffractometer has been redesigned and is now

operating as a powder instrument. The designe of a multidetector

system and a furnice for temperatures up to 800K is in progress.

3.4.3 Data_collections during_1983

3.4.3.1

The following complete data sets have been collected during

the year:

Compound Temp. Researcher

Na+3"-Alumina

Na+3"-Alumina

Na 6"-Alumina

A1(NO3)3'12H2O

KH3(C2O4)2-2H2O

CH2(COOH)2

CsD3(Se03)2

298K

453K

623K

120K

298K

123K

298K

J

J

J

K

R

T

R

Thomas

Thomas

Thomas

Hermansson

Tellgren

Gustafsson

Liminga
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3.4.3.2 Powder_studies

Powder spectra for use with the Rietveld profile refinement

method has been recorded for:

Compound Temp. Researcher

Y-Zn2Co(P04)2

Mn2Mg(PO4)2

K Li SO.

Pd15P2Hx ( 5 0 0 k P a

(500 kPa

298K

298K

298K

298K

298K

298K

298K

298K

298K

A

A

A

A

A

A

R

R

R

Nord

Nord

Nord

Nord

Nord

Nord

Tellgren

Tellgren

Tellgren
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One single crystal and one powder abstract from data collected

earlier are included to illustrate the quality of the data

available.

3.4.4 Crystal structure of tetraoxotetrahydroxohexabismuth

£lII)_jDerchlorate heptahydrate, BigO^(HO) ÄcioS^-lE-O-.

An X-ray and neutron diffraction study.

B Sundvall, The Royal Institute of Technology, Stockholm

The structure of the title compound was determined from single-

-crystal X-ray and neutron diffraction data, collected by

diffractometric methods. The compound crystallizes in the orthor-

hombic space group Vl^L^l^ with Z = 4, a = 11 .084(3) Ä, b = 16.992 (2) A,

and c=17.387(3) Å. The structure was derived on the basis of

the intensities of 3183 X-ray and 2679 neutron reflections by

using Patterson and Fourier methods. Refinement by full-matrix

least-squares methods gave the conventional R values 0.067 (X-

-rays) and 0.087 (neutrons). The structure contains discrete

hexanuclear complexes BigO.(HO). +, ClO.~ ions, and crystal

water molecules. The bismuth complex has a slightly distorted

octahedral arrangement of the Bi atoms, with the 0 atoms loca-

ted above the octahedral faces. Each type of oxygen (oxide and

hydroxide) forms a distorted tetrahedron surrounding the Bi

octahedron, giving close to Td symmetry of the complex. The

short Bi'-.Bi distances in the complex vary between 3.633(8) and

3.764(8) A (average 3.675 A), the short Bi---02" distances be-

tween 2.10(1) and 2.20(1) A (average 2.15 A), and the short

Bi«'-OH" distances between 2.29(1) and 2.48(1) A (average

2.40 A). The coordination of oxygen to Bi within the complex

is trigonal bipyramidal, with the hydroxide oxygens at the

axial apices and the oxide oxygens at two of the equatorial

apices, the third being occupied by the lone 6s electron pair

of Bi. Each Bi coordinates four other oxygen atoms outside the

complex at longer Bi«««O distances, giving a total coordination

number of 8. The coordination polyhedra are irregular. Infra-

red and Raman spectra of the complex both in solid state and

in solution are consistent with this structure. All but three

of the hydrogen atoms participate in hydrogen bonds, most of
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which are weak. The perchlorate ions are close to tetrahedral

with an average C1***O distance of 1.44 A, the individual dis-

tances having estimated standard deviations of 0.01 Å.

Fig. 1 A stereoview of the complex BigO. (HO). . Ellipsoids

are scaled to include 50% probability. Hydroxide oxygens

are denoted by having the principal ellipsoids drawn

in addition to the enveloping ones. Numbering of atoms:

see footnote in Table 2a.

SI6 Bit
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3.4.5 A_neutron_powder_diffraction_investigation_of

deuterated Pd-tcP?

Y Andersson, S Rundqvist, and R Tellgren

Department of Inorganic Chemistry, University of

Uppsala, Box 531, S-751 21 Uppsala, Sweden

and

T B Flanagan

Department of Chemistry, University of Vermont,

Burlington, Vermont 054 05, USA

3.4.5.1 Abstract

Crystal structure refinements of pure and deuterated Pd^P

have been performed using Rietveld-type profile refinement

techniques on neutron powder diffraction intensities. At

500 kPa deuterium pressure and room temperature (298K) the

positions and the degree of occupancy for the dissolved D

atoms were determined. These were found to occupy one 18f_

position to an extent corresponding to the formula Pd-jrP-D̂

This position is surrounded by four Pd atoms in a somewhat

distorted tetrahedral arrangement.
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Pd(1)

Pd(3)

z-QWo
2**008

Z--0.CK

2-0

O

Fig. 1 The tetrahedral sites occupied by D atoms with-

in the same 18-polyhedron, projected along the

(001) direction. The D positions illustrated as

dotted circles are vacant.
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4. RADIATION CHEMISTRY

T Andersson, O Claesson, A Lund, G Nilsson and

P-0 Samskog

The group performs research mainly within the project

"Primary oxidation and reduction products. Structure and

reactions in condensed phase". We have considered the

following aspects:

a) Stabilised organic radical cations

b) Stabilised excess electrons

c) Radical anions: structure and stability

d) Radical pairs in hydrogen bonded systems

e) Radiation induced degradation of polymers

f) Molecular orbital calculations on radicals

The main theme is the study of primary processes. We

use ionising irradiation to induce these processes. Our

equipment is particularly suited for such studies by the

combination of pulse radiolysis with high time resolution

and ESR spectroscopy at low temperature. At the moment

project a) hao highest priority, followed by b) and c). The

background is as follows:

a) Stabilised organic radical cations

When an organic compound is ionised a radical cation

is formed:

A+ + e (1)

The possibilities to study organic ions of saturated

organic compounds in condensed phase have been limited due

to the high tendency of further reactions. Recently it was

found that alkane ions could be stabilised in a frozen

matrix of certain halogenated substances. The group has
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participated in the development in several ways:

• Found a new matrix suitable for ESR-studies of

c-alkane-and substituted benzene cations (7,8)

• Investigated the structure of cations of vinyl

monomers (6)

• Investigated the structure and the fragmentation of

cations of n-alkanes using E5R (10) most recently

with the aid of isotopically labelled compounds (16, 17)

(Cooperation with T Gäumann, G Dolivo, Lausanne)

• Studied the electronic structures of cations using ab

initio molecular orbital theory (9,11) (Cooperation

with S Lunell, Institute of Quantum Chemistry,

Uppsala)

• Started optical and kinetic studies by pulse radio-

lysis in liquids and glasses (Cooperation with J Bos,

Zentralinstitut fur Strahlenchemie, Leipzig)

b) Stabilised excess electrons

The electron which is liberated in reaction (1) can

be stabilised by solvation if the medium has polar groups.

The solvated electron is probably the most unique species

that has been detected and characterised by radiation

chemists. The studies have until now been limited to

liquids and frozen glasses. Until 1979 it was claimed that

solvated electrons do not appear in the radiolysis of

carbohydrates. This hypothesis has been proved wrong. We

have contributed with the following studies:

« Found the optical spectrum for electrons in crys-

talline carbohydrates and diols (5,14,15)

• Studied the geometry of the electron trap and found

what part of the molecule that reacts with the

electron (3,4) in the decay process

• Studied H/D isotope effects in the decomposition

reaction
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R - OH R - O + H (2)

• Tried to characterise the structure of the electron

trap in diols using spin-echo technique

• Attempted to connect structural and optical pro-

perties in a theoretical, semi-continuum model

c) Radical anions; structure and stability

If the medium has electron affine groups the electron

is stabilised by the formation of radical anions. Anions

and their reactions have been studied by our group since the

start 1977. A series of measurements has recently been

completed by P-0 Samskog during his stay at the University

of Alabama, Tuscaloosa. In these studies (21-26) the

structure of anions of halogenated acetamides were investi-

gated experimentally (ESR) and theoretically (INDO-calcula-

tions).

d) Radical pairs in hydrogen-bonded systems

In certain compounds radicals are trapped in pairs.

We have investigated a strongly hydrogenbonded crystal

C(CH2OH)-, pentaerythritol, from some viewpoints:

• structure of radical pairs and mechanism of formation

at 77 K

• kinetics for the decay at T > 77 K (15)

• studies of exchange interaction and structure at 26 K

(2)

It is remarkable that the radicals occur in pairs to

100 % at 26 K and to 2 50 % at 77 K. We try to elucidate

the role of the hydrogen bonds for the formation and decay

of pairs and if correlated radiation damage centers are

typical for hydrogen bonded systems.
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e) Radiation induced degradation of polymers

Ionising irradiation is a well known method to modify

the properties of polymers. The secondary radicals formed

by irradiation are well investigated, but very little is

known about the kinetics and the formation of primary ionic

radicals. We have therefore investigated a typical glassy

polymer polymethylmetacrylate by pulse radiolysis and ESR

(13). The formation and decay of ionic specien has been

investigated. At the moment polymethylacrylato is under

investigation (Cooperation with M Tabata, Hokkaido Univer-

sity) . Ion radicals have also been detected at 4 and 77 K

in an oriended biopolymer, hyaluronic acid (Cooperation with

A Rupprecht, University of Stockholm). The polymer is

composed of carbohydrates and the work is therefore related

to project b) .

f) Molecular orbital calculations

In the -.ialysis of ESR-spectroscopy data one often

needs theoretical support for the assignments, above all in

the case of organic radical cations. Our work in coopera-

tion with S Lunell, Uppsala, comprises the following

studies:

• Structure of cycloalkane cations and evidence for

Jahn-Teller-instability (9)

• electronic structure of propane and evidence for

three low-lying states with almost equal energy

( 11) .

In addition to the main theme some work on chemical

degradation of polymers is also in progress (18).

The post doctor work performed by 0 Claesson at

Sapporo, Japan, on reactions in a flame has been published

(19,20).
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5. NUCLEAR CHEMISTRY AND NUCLEAR PHYSICS

K Aleklett, J Eriksen, B Fogelberg, P Hoff,

L Jacobsson, O Johansson, E Lund, and G Rudstam

5.1 Introduction

The main research activity of the group has been

connected to studies of the properties of short-lived

neutron-rich nuclides produced at the isotope-separator-

on-line facility OSIRIS. The programme includes determi-

nation of total beta decay energies, nuclear spectroscopy,

studies of delayed neutrons, determination of fission yields

including branching ratios for gamma rays of fission pro-

ducts, and determination of the antineutrino spectrum at a

nuclear reactor. The work also includes the development of

OSIRIS, especially the construction of new target-ion source

systems which is important, for extensions of the research

activities. Part of the group (Aleklett) is engaged in

studies of heavy-ion induced reactions which will be dis-

cussed separately in Section 5.8.

5.2 Development of the OSIRIS facility

The total running time of the isotope separator

during 1983 was 491 hours of which 27 hours were used with

CF. added to the carrier gas for separation of yttrium and

lanthanides.

During 1983 continued preparation for the installa-

tion of a high temperature ion source has taken place. The

problems connected with the need for a higher pumping

capacity at the ion source and additional conductors

necessary for a surface ionization source, have been solved

by a minor redesign of the concrete shielding plug in the

reactor channel.

The main beam line of the separator has also been

upgraded by replacing an electrostatic einzel lens with a

quadrupole, resulting in improved beam quality.
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5.3 Nuclear spectroscopy and total beta decay energies

5.3.1 Bound_and_unbound levels in Kr and_ Xe

In heavy nuclei, there are only two cases where

delayed neutron emitters are neighbour to stable nuclei.

One of these isotopes, Kr, har. recently been studied in

great detail by a combination of measurements of trays and

delayed neutrons following the decay of Br and measure-
86

ments of the neutron cross section of Kr in the region

E =0 400 keV. The progress and conclusions of this work

have been reported in the preceeding Progress Reports, and a

comprehensive paper has recently been published. The

other isotope which is accessible to a similar combination

of experimental methods, Xe, is in a way less favourable

since the nuclear spins do not permit an overlap between the

p-decay and neutron resonance results. On the other hand,

this fact permits studies of high lying levels over a wider

range of angular momenta. Levels with J =1/2 , 1/2 and

3/2 can be observed as neutron resonances in " 'xe, while

the |3-decay of 137I strongly populates levels with

J =5/2 9/2 , whose subsequent decay by -y-rays or delayed

neutrons can be observed experimentally. Measurements and

data analysis are essentially completed for the neutron

resonance study (performed in collaboration with physicists

at. ORELA, Oak Ridge National Lab.) and the |3-delayed y -ray

study at OSIRIS. The results seem to indicate that the

level density of Xe in the region up to 0.5 MeV over the

neutron separation energy, is not in agreement with the

statistical distribution predicted by the Fermi gas model .

The level spacing is also rather large, of the order of 15

keV for p wave neutron resonances.

5.3.2 A_test_of _the_statistical_di2 tribution_of_(3-strength

The p-decay studies of levels in Kr mentioned in the

preceeding paragraph were very detailed. As a result,

these experiments yielded a total of about 170 matrix

elements for (3-transit.ions, a larger number than known for
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any other nucleus. It may thus be possible to make a

specific test of the Porter-Thomas distribution of transi-

tion probabilities on discrete matrix elements in a single

nucleus. In order to yield meaningful results, such a test

should also include estimates of the number and magnitudes

of the matrix elements of p-transitions which were too weak

to be observed experimentally. A method for making these

estimates is currently being prepared. The final results, of

this work, which is made in collaboration with Oak Ridge

National Laboratory, are expected next year.

5.3.3
149 150

Fission products which belong to the

lanthanide series cannot be processed by the standard

plasma ion source of the OSIRIS on-line mass separator

facility. They are however obtained with good efficiencies
2)as difluorides when a fluorine compound is added to the

149 150carrier gas. Experimental studies of ' Ce were started

last year with -y-ray singles and coincidence measurements.

The low energy regions of the spectra were found to be very

complex. Additional -y-ray singles and coincidence data

using a high resolution HPGe were therefore recorded early

this year. The half lives of levels deexcited by some low

energy transitions have also been measured. The data

analysis of these measurements is now near completion. The

work is done in collaboration with the nuclear chemistry

group at the Chalmers University of Technology.

133
5.3.4 Valence and core excited levels in Sb populated in

the_decay of Sn
The nucleus Sb is one of the four valence nuclei

132
surrounding Sn. A knowledge of the first few states in
the valence nuclei is of great value as these are the single

particle/single hole levels from which important shell model

parameters can be derived. Even very simple information

such as excitation energies constitute a useful first step
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towards better shell model parameters. The present work

t improving the knc

Sb, of which the g.

aims at improving the knowledge of the single proton levels
133,

in

known
A)

, , d-,-, and h..,..„ states were

previously. The experimental situation proved to

be difficult because about 97 % of the |3-decays of 1335n

feed the ground and first excited states of 133Sb. The

higher lying levels are thus fed very weakly. In addition

to the previously known levels of Sb, we could in the

present work establish 24 excited states in the region 2.7 -

6.4 MeV. One of these levels, at 2707.7 keV, is probably
r>)

the d_.? single proton level. A report describing the

experiment has been published. The work was made in colla-

boration with The Research Institute for Atomic Physics,

Stockholm.

5.3.5 The valence neutron spectrum of131Sn

The decays of the ground (9/2 ) and first isomeric

(1/2 ) states of 131In should span a sufficient range of

angular momentum to permit population of the complete set of

valence neutron hole stater; in Sn. This decay has been

studied in detail at OSIRIS as described in the preceeding

Progress Report. The tentative identification of the

complete valence nucleon spectrum given there has now been

confirmed through an analysis of the end point energies of

the (3-spectra recorded in coincidence with the •Y-transitions

following the decay of the g_._ level in Sn, see fig. 1.

In addition to the single hole energies, this experiment

a1 so gave information on a number of |3 -decay matrix elements

for single particle transitions and on the branching raLior.

of -f-transit ions between the valence levels.

5.3.6 Hi2h_sgin_states_in 131 131

The p-decaying high spin isomer of In reported

last year has been further investigated by additional

measurements and by a more complete analysis of previous

experiments. The excitation energy of the isomer has been
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isomeric transition has been found to be less than 10

%/decay. The lower limit of the partial half life of the

isomeric transition suggest that the isomer has J _>. 19/2. On

the other hand, the (3-decay of the isomer has a 10 % branch

to a level in Sn with a maximum spin of 19/2 which limits

the possible J values of the isomer to (21/2 ± 1 ) . The

general pattern of the p decay of the high spin In isomer
132 132is strongly similar to the decay of In to Sn. It is

possible to interprete the high spin levels of In and

Sn observed in the present work, to have essentially the

same shell model characteristics as suggested for the
132 132levels of In and Sn, coupled to a h.... ,? neutron hole.

Reports on the data obtained for the decays of the three

different isomers of indium are being prepared in colla-

boration with J Blomqvist, The Research Institute for Atomic

Physics, Stockholm.

5.3.7 Studies of shoit lived silver isotopes with A=113-115

The experimental part of these investigations was

completed some time ago. A rather large amount of data on

Y-rays, conversion electrons, level half lives etc. was

obtained, especially for the odd mass isotopes. A complete

evaluation of the data for these has not yet been made. The
114

less complicated data on the decay of Ag has been eva-

luated during 1983 and a report has been published. One

objective of this work was to determine the total 3 decay

energy with some emphasis to resolve a reported discre-
Q \

pancy regarding nuclear masses in this region. The
114Qo-value of Ag was measured with a plastic scintillator

P
in coincidence with a Ge(Li) detector for -y-rays. The
efficiency and energy calibration of the system was per-

123formed using the well-known beta endpoint energies of In
12S

and 'In produced at OSIRIS. The Qg-value was found to be

5.16+0.11 MeV, in agreement with a value expected from mass

systematics.
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1415.3.8 Levels_in Pr studied_with_the_[n1n^2_reaction

The great advantage of the (n,n'-y) reaction is the

fact that all levels within a wide range of angular momenta

will be populated if it is energetically possible. This

reaction can thus be used as an accurate probe of the

completeness of the level scheme information for a given

nucleus. The present work was undertaken both to provide

information on the level structure of Pr and to test the

feasibility of -y^-coincidence measurements as a complement

to the (n,n'y) studies.

The work was made in collaboration with the neutron

physics group of the Studsvik Van de Graaff laboratory. A
9)report has been published

5.3.9 A determination of the_strengths of some first

forbidden p-transitions

A knowledge of the (3-strength function is required in

model calculations of (3-decay properties such as the half

lives and the delayed neutron emission probabilities of

unknown, far unstable nuclei. Usually, see e.g. ref. and

references therein, the strength function is in the fission

product region taken to be represented by the Gamow-Teller

transition probability as a function of the excitation

energy, neglecting the contribution from first forbidden

(3-decays. This may in most cases be a reasonable approxi-

mation as the allowed transitions are expected to be on the

average one or two orders of magnitude faster than 1:st

forbidden ones, especially in not too heavy nuclei. Theore-

tical studies ' suggest, that first forbidden strength

becomes appreciable only for A>200. Several of the fast

first forbidden transitions that have been observed (see

e.g. refs. ' and references therein) in the region

around ' Pb are, however, likely to be a consequence of the

closed shell structure. similar enhanced strength of
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forbidden transitions can thus be expected to be present

also among fission product nuclei near closed shells. It is
1 T2natural to turn to the nuclei near ~ Sn for an experimental

study of 3-transiti'on probabilities both because of their

importance for the heavy fission product region and because

several of these nuclei have now been studied in sufficient,

detail to permit unambiguous assignments of level spins and

parities, which are necessary prerequisites for a classi-

fication of the (3-transitions.

decays of
1 9 7 1 O Q ill

In, Sn and

In the present work the
135rTe have been studied

at the OSIRIS mass sepciritor facility, yielding log f_£

values for 13 (3- transitions. Together with published '
132data for transitions following the decays of In and

134
Sb, a total of 17 first forbidden transitions in the

1 32

Sn region, between five different pairs of shell model

states, can now be considered to be reasonably well known.

The fact that five of these 17 ^-transitions have log fjt

values which are smaller than, or equal to, the average of

log ii = 5.5 observed for allowed transitions suggests

that first forbidden p-strength can be quite significant

over a large region of the heavy fission product mass peak.

A table of the measured values of log f_t will be pub-

lished16*.

80
5.3.10 A_study_of Zn_i_a_waitin2_ppint_in_the_jjp_rocjej_s

path

Of the three main contributing mechanisms for the

synthesis of heavy nuclei, the r-process is believed to

take place in the most exotic environment, i.e. during

explosive events in stars. On a nuclidic chart, the path

taken by the r-process is determined by the equilibrium

between (n,i) and (*Y , n)-reactions and the nuclear fl-decays.

The known natural isotopic abundances show peaks near mass

numbers 80, 130 and 195, which is taken as evidence for a

pile up of r process nucleus formation at the major neutron
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shells, where some isotopes having relatively long half

lives constitute waiting points in the r-process. Speci-

fically, one expects the nuclei Zn, Cd and *Tm to be
80

the main waiting points in the r-process. Both Zn and

Cd are produced in thermal fission of ' U with yields
-4larger than 10 % and can thus be studied in some detail at

the OSIRIS facility. A few -y-rays from the decay of 80Zn

were reported 17) a few years ago. At present a more compre-
80rhensive study of nuclei near Zn has been initiated with

the aim of mapping the nuclear mass surface in this region.
80

Measurements of yy- and ^-coincidences for Zn have been
80

made, but are not yet evaluated. The half life of Zn was

determined to (0.53+0.05) s by means of a -y-ray multi-

scaling experiment.

Some experimental work comprising -y-ray singles and
75,coincidence measurements have been made also for

77
Zn and

Zn. This information is intended to form a basis both for

level scheme construction and for Q^-determinations with

higher accuracy than the previously published OSIRIS results

for 7 5- 7 8Zn 1 P ).

5.4 Delayed neutrons

(In collaboration with G Nyman and 0 Tengblad,

Chalmers Institute of Technology).

A relatively small part of the beam time at OSIRIS

has been used for delayed neutron studies during 1983. One

set of measurements consisted of a search for delayed
97-99neutrons from Y. Very little data wa ; taken due to

technical malfunctions.

In another series of measurements using two high-

resolution He proportional counters, the delayed neutron
10 Q 1 T O * ft 1 ft 9

spectra from the decays of ' In and ' Ga were

recorded. The experimental technique was described in the
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previous progress report. Some additional work on a deter

mination of the response function for the He spectrometer

is needed before the data can be analyzed.

5.5 Fission yields

The technique to analyze the fission yields was

discussed at length in the Progress Report of 1982. By now,

the programme of measuring absolute gamma branching ratios

is completed as regards isotopes of bromine, krypton, and

rubidium. The resulting branching ratios have been used to

determine the fission yields of those isotopes.

The results are given in Table 1 where they can be

compared with published values. All yields except those

without parent effect have been converted to cumulative

yields. Some remarks to the table may be given:

85Br seems to be high compared to
86

As for Rr the yield is
19-21)

5.5.1

The result for

published values (cf. below).

somewhat lower than that of Refs.'" "''. An isomeric state

has been reported for this isotope, however. The yield of

such an isomer is included in the published values which

might explain the discrepancy.

87 8 9
The yields of Br and Br agree with published

90 91results. Those of Br and Br are surprisingly equal.

Published yields for these isotopes scatter considerably.
90 19 90'

The present result for Br agrees with that of Refs . ' '
but is smaller than that of Refs.21~23), while the present

9 1yield of Br agrees within limits of error with that of

Refs. 2 1 f 2 3 ) (and also with the ENDF/B-V file47)) bvt

larger than that of Refs.19'20). The yield of 85mBr i

reported here for the first time.

is
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5.5.2 Kry_p_ton _Yiel_ds

The yield of mKr is high compared to published
ft c

results but is consistent with the high value of Br. The
07 qi QO qi

present results for Kr, Kr, Kr, and Kr are in
89agreement with other publications while those of Kr and

90 94

Kr are lower. In the case of Kr widely different yields

are found in the literature. The present value supports

that of Ref.20) but not those of Refs.21(25).

5.5.3 Rubidium yields

9? 94
Most of the rubidium yields ( Rb, Rb, Rb, DRb)

agree within limit? of error with published values. For
9 7 98
Rb and Rb the published yields scatter considerably.

Some of them agree with the present determinations while
others, notably those of Ref r,. ), are much lower.

90The sum of the rubidium yields of the Rb isomers is

much lower than expected (note that a low yield was also
90 91,found for Kr). Also the yield of Rb is low. No expla-

nation has yet been found for this finding, and the results

for '' mRb should be regarded as tentative only.

It is evident, that the precision of the measurements

using the present technique is inferior to those using

physical methods such as HIAWATHA19) or LOHENGRIN21) but

comparable to those where radioactivity has been measured.

Therefore our contributions will be more important at the

heavy mass peak where the physical approaches have an

insufficient resolution. The real advantage of the method

is the possibility to measure isomeric yields, however.

Only few such cases are given in Table I, but an extensive

set of measurements is under way.
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5.6 Gamma branching ratios

In the project to determine the yield pattern in
235thermal-neutron induced fission of U it was found that

out of the 133 fission products under study the f-branching

ratio was unknown for 12 nuclides and given without errors

for about 45 fission products. In addition, many branching

ratios found in the literature are deduced from spectroscopy

work with sometimes tentative suggestions about the

p-feeding to the ground state. In the present experiment

the -f-branching ratios are determined on the absolute scale

by means of simultaneous measurements of the disintegration

rate of a nuclide and the size of certain peaks in its

•Y-spectrum. The experimental technique is described in

detail in the Progress Report of 1982. Until now about 100

fission products have been investigated. The final analysis

is finished for most of them. Still, some nuclides with

complicated isomerism remain to be studied. As examples

the y-branching ratios for bromine, krypton, and rubidium

isotopes are given in Table II where they can be compared

with published values.

5.7 The antineutrino energy spectrum in the vicinity of

a nuclear reactor

The motivation for carrying out this study was given

in Progress Report 1982. Briefly we wish to examine the

basis for the interpretation of certain neutrino oscillation

experiments. An important ingredient of this interpretation

is the high-energy part of the antineutrino spectrum, and

the goal of our experiments is to get a firm experimental

basis for the antineutrino spectrum above 5 MeV.

The project is a collaboration between the ISOLDE

group at CERN, Department of Nuclear Physics at the

Chalmers University of Technology, and OSIRIS at Studsvik.
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The experimental work started last year, using a

surface ionization source at ISOLDE, with a series of rubi-

dium and cesium runs covering the mass range 92-98 and

140-142. This year we have had two series of runs at ISOLDE,

one with a positive surface ionization source, measuring the
144rubidium range 90,91,96-99 and also Cs, and the second

one using a negative surface ionization source for studies

of bromine in the mass range 86 90 and iodine isotopes of

masses 136-139.

During the measurements, six parameters have been

recorded allowing several experiments to be carried out

simultaneously, the beta spectrum above 1 MeV (in a tele-

scope consisting of a 1 mm thick plastic detector and a 15

mm thick pure Ge-detector), the gamma spectrum (using the

same detector in an anticoincidence mode), the beta spectrum

in the range 0.4-2.5 MeV (using another telescope, plastic

AE-5 mm Si(Li)-spectrometer), and coincidences between

p-pulses in the first toloscope and y- pulser, in another pure

Ge-detector. The time elapsed from the end of collection of

a sample to the recording of ^spectrometer data was deter-

mined by means of a ramp generator.

The analysis of the data is done in the following

steps:

i) sorting the data in time groups,

ii) analyzing the gamma spectra to obtain areas of gamma

peaks chosen to represent the various components in

the sample (e g. the nuclide collected and its decay

products),

iii ) decomposing the spectra in the two |3 -detectors into

pulse spectra for the sample components using the

results of the -y-analysis,
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iv) transforming the pulse spectra into an electron

spectrum using the response functions of the spectro-

meters ,

v) converting the beta sportra into antineutrino spectra

The steps (i) - (iii) have been carried out for a

large number of cases but step (iv) still has to await the

results of a special experiment to determine the response

function of the large p-spectrometer. The experiment was

carried out at an electromagnetic ^-spectrometer at ILL in

Grenoble, but the analytical representation of the response

function has not yet been determined.

Awaiting final results some temporary analyses have

been carried out in order to illustrate the methods. The

results are given in Fig 2 which shows the beta spectra for

the nuclides I and Xe obtained using an approximative

response function. The corresponding antineutrino spectra

are also plotted in the figure.

Next, experiments on gallium and indium isotopes will

be carried out at OSIRIS. The equipment has been brought

from CERN to Studsvik and has been partly rebuilt to fit the

conditions at the OSIRIS separator. It is also planned to

use the CF.-method in order to make yttrium isotopes avail

able for study.

When this series of measurements has been completed
92 84-87

there remain Br (to be studied at: ISOLDE), and As
(for which wt; have to rely upon new ion source development).
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Table I Fission yields of bromine, krypton, and rubidium isotopes

Iso-
tope

Measure
ment

85Br

86 B r

87Bl

88 B r

89Br

802 keV Y
1898 - " -
3336 - " -

425 keV Y

802 keV Y
919 - " -
924 - " -

1565 keV Y
2751 - " -

1419 keV
1476
neutrons

775 keV Y
802 - "
neutrons

neutrons

This work
Cumulative Independent

Fission yield, X
From literature

Cumulative Independent
Y Y.
c i

1.01+0.06*

1.9610.19

1.57+0.17

2.13±0.20

1.71 0.21*

0.92+0.15

0.0167+0.0015

1.02+0.03 [19]
1.02+0.03 [20]
1.05+0.03 [21]

1.31+0.04 [19]
1.26+0.03 [20]
1.24+0.04 [21]

1.95+0.04 [19]
1.89+0.06 [20]
1.8510.05 [21]

1.9110.04 [19]
1.7910.05 [20]
1.88+0.06 [21]
2.08+0.1 [22]

1.74+0.05 [19]
1.70±0.06 [20]
1.90+0.08 [21]
1.53+0.1 [22]

l.ll±0.05 [19]
1.00+0.06 [20]
1.32+0.08 [21]
1.14+0.08 [22]

o

I

1.50+0.27 [23]

1.5310.31 [23]

cont.



Table I cont.

Iso—
tope

Measure-
tuent This work

Cumulative Independent
Y Y.

i

Fission yield, Z
From literature

Cumulative Independent

Yc Yi

90Br neutrons

lBr neutrons

8Sm,Kr

87Kr

151 keV
304 - "

403 keV
2554

88Kr 196 keV
2392 - "

89 K r 221 keV
577
586

O.37±O.O6

0.36±0.09

2.24±0.24

2.49+0.32

3.52±0.26*

3.12±0.28

0.29 +0.02 [19]
0.38 ±0.06 [20]
0.60 ±0.04 [21]
0.65 ±0.1 [22]

O.O71±O.O2O [19]
0.054±0.024 [20]
0.24 ±0.03 [21]

1.35 ±0.04 [19]
1.28 ±0.03 [20]
1.27 ±0.04 [21]

2.62 ±0.04 [19]
2.40 ±0.06 [20]
2.38 ±0.7 [21]
2.62 ±0.1 [22]
2.48 ±0.12 [26]
3.39 ±0.42 [27]

3.55 ±0.08 [19]
3.51 ±0.07 [20]
3.63 ±0.11 [21]
3.45 ±0.17 [22]
2.86 ±0.16 [26]
3.74 ±0.45 [27]

4.51 ±0.06 [19]
4.50 ±0.08 [20]
4.59 ±0.12 [21]
4.63 ±0.17 [22]

0.69+0.08 [23]

0.21±0.06 [23]

3.26±0.19 [28]

oont.



Table I cont.

Iso-
tope

90Kr

91Kr

Measure-
ment

121 keV Y
1118

107 keV Y
506

This work
Cumulative Independent

Y Y.
c i

3.29±0.46

3.40±0.51

Fission yield» X
From literature

Cumulative
Y
c

5.02 ±0.07
4.86 ±0.10
5.09 ±0.07
4.88 ±0.18

3.44 ±0.11
3.33 ±0.08
3.43 ±0.07
3.40 ±0.1
3.51 ±0.36

Independent
Y.
i

[19] 3.70+0.40 [28]
[20]
[21]
[22]

[19]
[20]
[21]
[22]
[29]

92Kr

93Kr

89Rb

142 keV
1218 - "

253 keV Y
323 - " -

1.82±0.3A

0.50±0.06

217
629

1032
1248

keV Y
_ ti _

keV Y
_ ii _

0.100+0.

4.77±0.

017

55*

i.57 ±0.06 [20]
1.95 ±0.09 [21]
1.75 ±0.07 [22]
1.48 ±0.07 [25]

0.45 ±0.05 [20]
0.67 ±0.08 [21]
0.47 ±0.03 [22]
0.53 ±0.03 [25]

O.O85±O.O2O [20]
0.20 ±0.05 [21]
0.26 ±0.02 [25]

4.76 ±0.07 [19]
4.85 ±0.10 [20]
4.83 ±0.13 [21]
4.40 ±0.20 [26]

I

cont.



Table I cont.

Iso-
tope

9°Rb

90mRb

91Rb

92Rb

93Rb

,95Rb

Measure-
ment

1061 keV
3383 - "

1375 keV
3317 - "

93 keV
2564 - "

570 keV
1383 - "

432 keV
986 - "

837 keV
1578 - "

neatroas

Y

Y

Y

Y

Y

Y

This work
.Cumulative Indepe

Y Y.
c i

1.2810.29

0.5110.13

2.40+0.52

4.29+0.87

3.5010.55*

2.11+0.44

1.4510.32

Fission yield, %
From literature

: Cumulative Independent
Y Y.
c l

S6Rb neutrons 0.47+0.11

5.88+0.10 [19]
5.90+0.12 [20]
5.94+0.08 [21]

5.79+0.14
5.6410.11
5.67+0.09

4.70+0.09
4.95+0.14

3.4410.09
3.7210.13

1.73+0.08
1.8210.10

Y ~ Y.
C 1

Y ~ Y.
C 1

[19]
[20]
[21]

[20]
[21]

[20]
[21]

[20]
[21]

0.
0.
0.
0.

0.

5410.
9510.
8910.
8910.

3610.

05
11
05
10

06

[20]
[21]
[30]
[31]

[20]
r A * m0.3110.06 [21]

0.19+0.01 [30]
0.35+0.06 [31]

cont.



Table I cont.

Iso-
tope

Measure-
tnent This work

Cumulative Independent
Yc Yi

Fission yield, Z
From literature

Cumulative Independent
Yc Yi

neutrons 0.144±0.034 Y ~ Y.
c i

neutrons O.O97±O.O22 Y ~ Y.c i

0.21 ±0.06
0.21 ±0.06
O.O37±O.OO4
0.10 ±0.02

[20]
[21]
[26]
[31]

0.046+0.015 [32]

0.052±0.034 [20]
0.052±0.034 [21]
0.036+0.009 [31]
0.0022±0.0009132]

Used in the normalization procedure
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Table II Gamma-branching ratios of bromine, krypton, and rubidium isotopes

Isotope

8-Br

85Br

86Br

87Br

88Br

8"Kr

88Kr

89Kr

9 0 K r

Half-
life
s

1908

172

55.7

55.6

16.0

4580

10080

191

32.3

Gamma
energy
keV

605
737
802
1213
1898

802
863
919
925

1286
1361
1390
1534
1565

422
532
1361
1420
1476

775
802

403
845

196

221
356
577
586
1473

120.9±121.8
540
1119

Branching Ratio, %

This work Literature

2.03±0.15
1.57±0.18
7.06±0.43
2.54±0.26
15.6 ±1.0

2.32+0.17
0.24±0.07
0.74±0.15
1.51±0.13

7.4 ±0.6
9.8 ±0.7
9.0 ±0.7
7.0 ±0.5
59.2 ±4.1

3.89±0.27
6.37±0.47
3.2U0.24
21.9 ±1.6
8.0 ±0.6

62.0 ±4.5
14.0 ±1.3

56.7 ±3.6
6.8 ±0.5

27.4 ±3.2

24.7 ±1.5
4.56±0.36
5.62±0.49
18.5 ±1.0
7.6 ±0.6

60.7 ±4.2
39.8 ±2.6
49.9 ±3.4

l,72±0.20
1.27±0.15
5.9 ±0.7
2.54±0.26
14.5 ±1.6

2.56±0.16
0.23
0.65±0.05
1.63±0.13

[33]
[33]
[33]
[33]
[33]

t34]
[34]
[34]
[34]

7.7 ±0.8 [35]
10.5 ±1.0 [35]
9.9 ±1.0 [35]
9.3 ±0.9 [35]
64 ±6 [34], 40±4 [35]

5.00±0.39
9.2 ±0.7
4.93±0.39
32.0 ±2.5
7.9 ±0.6

65±4 [36],
13.7 ±1.3

49.6 ±2.4
7.3 ±0.5

26.3 ±1.5

20.1 ±1.2
4.16±0.33
5.67±0.47
16.6 ±1.3
6.9 ±0.6

47 ±3
37 ±3
47 ±3

[33] 3.2±0.3
[33] 5.4±0.4
[33] 3.4±0.2
[33] 22.0±1.3
[l] 11.7±1.0

67±7 [38]
[36], 15.8±1.6

[33]
[33]

[39]

[40], 18.6±1.9
[40,42]
[40,42]
[40,42]
[40,42]

[40,42]
[42,43]
[40], 38.9+3.9

[1]
[1]
El]
[1]
[33]

[39]

[41]

[41]
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Table II

Isotope

9lKr

92K r

93Kr

94Kr

88Rb

8%b

*°Rb

90mRb

91Rb

32Rb

cont.

Half-
l ife
s

8.57

1.85

1.29

0.208

1067

909

153

251

58.2

4.50

Gamma *
energy

keV

109
507
613

1109

142
316
548
813

1219

253
267
324

220
629

898
1836

948
1032
1248

1062

1375

94
345

1971

570
815

This work

44.5 ±3.3
17.0 ±1.2
7.0 ±0.6
5.5 ±0.5

52.5 ±2.0
.0 ±0.4

11.1 ±0.6
9.3 ±0.8

40.5 ±2.1

52.2 ±3.2
14.7 ±1.4
19.4 ±1.0

41 ±8
50 ±14

13.2 ±0.9
21.6 ±1.6

11.2 ±1.0
70.0 ±4.1
49.9 ±2.8

9.2 ±0.5

19.4 ±1.7

34.2 ±2.3
8.4 ±0.5
5.68±0.43

0.870±0.063
4.05±0.31

Branching Ratio,1 Comment

Literature

43.5±2.2 [44]
19.3±2.6 [43,44]
7.7±0.6 [43,44]
7.2±0.5 [43,44]

66 [34]
5.7 [34]

14.4 [34]
15.0 [34]
47.5[41], 62 [34]

63 [44]
21 [44]
24.6 [44]

14.l±0.9 [39]
22.1±1.4 [39]

9.2 [40]
58 ±5 [40], 63±6 [41]
42.6±4.3 [40]

11.5±1.8 [40]

23.8±4.3 [40]

33.7±2.0 [44]
8.3±0.6 [43,44]
6.7±0.5 [43,44]

1.36 [34] Two indepen-
8 [341 dent measure-

5.85

2.76

433
988

837
1089
1578

16.
6.

65
12.
23.

4
08

3
0

±0.
±0.

±6
±1.
±2.

6
25

1
1

ments gave the
same results in
disagreement
with Ref. 34

13.7 ±1.1 [46]
5.59±0.61 [45,46]

78 ±6 [46], 77±8 [47]
15.1 ±1.9 [46,47]
28.5 ±3.6 [46,47]
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5.8 Intermediate and Relativistic Energy Heavy Ion

Research

K Alelclett

(in collaboration with research groups at Lawrence

Berkeley Laboratory and Oregon State University)

In this report we summarize the highlights of the

work done between 1 January 1983, and 31 December 1983.

The work reported herein is the result of a collaborative

effort involving G T Seaborg and his research group at

Lawrence Berkeley Laboratory, W Loveland and his research

group at Oregon State University and various individuals at

other laboratories. The different projects as well as the

individuals contributing to each project are listed in Table

1 .

The work described is part of a project involving the

study of intermediate energy (10-100 MeV/nucleon) and

relativistic heavy ion reactions, with primary emphasis in

the last year being in the former area. Experiments done in

1983 are listed in Table II.

Table I

Different projects in 1983.

I.A. - Au Target Fragmentation in Intermediate Energy Heavy

Ion Reactions

I.B. - The Interaction of 35 MeV/nucleon 12C with 197Au and
2 3 8U

I.C. - Target Fragment Angular Distribution in the

Interaction of 86 MeV/u 12C with 197Au

I.D. - Incomplete and Complete Fusion at Intermediate Energy

Heavy Ion Reactions
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II.A.- Heavy Target Fragmentation and the Energy Dependence

of Nucleus-Nucleus Total Reaction Cross Sections

II.B.- The La + La Reaction at 245 MeV/nucleon

II.C- Target Fragment Kinematics in the Interactions of 0.9

and 1.8 GeV/nucleon 40Ar with i97Au and 238U

II.D.- Radiochemical Search for Anomalons

I.A I.B I.C I.D II.A II.B II.C II.D

R Beckman, Marburg

R Brandt, Marburg

G Dersch, Marburg

E M Friedlander, LBL

H C Griffin, MSU

E Hageb0, Oslo

I R Haldorsen, Oslo

J Kobayaski, LBL

Win Kot, LBL

R H Kraus Jr, OSU

W Loveland

T Lund, Marburg

Y Morita, LBL

D J Morrissey, MSU

P L McGaughey, LBL

R M McFarland, LBL

K J Moody, LBL

C P Oertel, OSU

N T Porile, Maröurg

G T Seaborg

T T Sugihara, OSU

Li Wenxin, LBL

X

X

X

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X X X

X X

LBL - Lawrence Berkeley Laboratory/ Berkeley, California,

USA

Marburg - Philips Universität, Marburg, Federal Republic of

Germany
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MSU - Michigan State University, E Lansing, Michigan, USA

OSU - Oregon State University, Corvallis, Oregon, USA

Table II

List of experiments in 1983

Energy Project

137 MeV (8.6 MeV/nucl.) I.D.

137 MeV (8.6 MeV/nucl.) I.D.

307 MeV. (19.1 MeVnucl.) I.D.

307 MeV (19.1 MeV/nucl.) I.D.

307 MeV (19.1 MeV/nucl.) I.D.

420 MeV (35 MeV/nucl.) I.D.

420 MeV (35 MeV/nucl.) I.B.

420 MeV (35 Mev/nucl.) I.B.

1020 MeV (85 Mev/nucl.) I.D.

25 GeV (2.1 GeV/nucl.) II.A.

25 GeV (2.1 GeV/nucl.) II.D.

34 GeV (245 MeV/nucl.) II.B.

72 GeV (1.8 GeV/nucl.) II.D.

72 GeV (1.8 GeV/nucl.) II.C.

72 GeV (1.8 GeV/nucl.) II.C.

!_. Intermediate Energy Heavy-Ion Reactions

A. The extensive study of Au target fragment yields and

average kinematic properties for the interaction of 12-86
197MeV/A with ' Au was concluded. We found the firestreak

model and Wilczynski generalized sum rule for incomplete

fusion model to describe the yield distributions ade-

quately at the high and low energy ends of the region,

Proiectile

16o
16o
16o
16o
16o
12c
12c
12c
12c
12c
12c
139La

40Ar

40Ar

40Ar

Tarae

150Nd

154Sm

104Pd

154,,Sm

176Yb

154Sm

197Au

238U

154Sm

197,Au

Cu

139La

Cu

197Au

238
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respectively, although they overestimated the longitudinal

momentum transfer in the reaction. In Fig. 1 we show the

experimental results together with the theoretical predic-

tions. Excitation functions for the production of light

fragments (A < 60) in proton and heavy ion induced reactions

show different thresholds and are in agreement with the

predictions of Bertsch for the situation where these

fragments are produced in a phase transition due to a

mechanical instability of overstressed nuclear matter.

Ref. 4 will give more details.

B. Studies of target fragmentation made at the MSU
12superconducting cyclotron utilizing a 35 MeV/A C beam

showed the characteristics of Au target fragmentation at a

projectile energy 35 MeV/A to be very similar to those

observed with 20 MeV/A projectiles but substantially diffe-

rent from those observed previously with 45 MeV/A projec-
4)tiles thus better defining the transition between low and

high energy target fragmentation.

C. A final set of target fragment angular distributions
12 197for the reaction of 86 MeV/A C with Au was derived from

data measured during the past two years. The angular

distributions in the laboratory system are forward-peaked

with some distributions also showing a backward peaking. The

measured angular distributions differed markedly from the

predictions of the firestreak model in most cases. This

discrepancy could be due, in part, to overestimation of the

transferred longitudinal momentum by the firestreak model,

the assumption of isotropic angular distributions for the

fission and particle emission in the moving frame and

incorrect assumptions about how the lightest (A < 60)

fragments are produced. No evidence was found for any

significant number of target fragments moving sidewise to

the beam direction in apparent contradiction to the expec-

tation of hydrodynamical model calculations . The labora-

tory frame angular distributions were transformed into the

moving frame using various assumptions about the moving
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frame velocity. The resulting light fragment distributions

showed an asymmetry in the moving frame indicative of their

production in a fast process without the establishment of

statistical equilibrium. No evidence was found for any

pr vaction of the light fragments by a very asymmetric

ijsion mechanism. The fission fragment distributions were

compared to standard formulas and an average fissioning

system angular momentum of J = 40 - 50 fa was deduced. It

was not possible to find a moving frame in which the heavy

fragment distributions were symmetric about 90°.

D. A major effect this year was devoted to the mesure-

ment of the yields, velocity spectra and angular distribu-

tions of complete and incomplete fusion residues from the

interaction of 8.6 and 19.1 MeV/A 1 60, 34.8 and 86 MeV/A 12C

with the n-rich rare earths, 150Nd, 154Sm and 176Yb. As the

projectile energy increases, more interactions involve

incomplete fusion processes although measurable amounts of

complete fusion occur at a projectile energy of 35 MeV/A.

Neither the Wilczynski sum rule model nor the nuclear

firestreak model properly describe the data.

II. Relativistic Heavy Ion Reactions

A. A careful reanalysis of all of our studies on Au and

Ta target fragmentation from 10 - 2100 MeV/A allowed us to

examine the energy dependence of the nucleus-nucleus total

reaction cross section. Evidence was found for a general

invariance with energy of this quantity from 20 - 2100 MeV/A

with a small decrease for projectile energies of 200 - 400 MeV/A

in rough agreement with nuclear optical model predictions.

The results are given in Ref. 6.

B. The target fragment isobaric yield distribution was
139 139

measured for the reaction of La + La at a projectile

energy of 245 Mev/nucleon using the LBL Bevalac. Seventy-

four different target fragment yields were measured and the

target fragment isobaric yield distribution was deduced from
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these data. This distribution (shown in Fig. 2) exhibits

two unexpected features, a large fission cross section ( 430

mb) and a significant "missing" fraction of the total

reaction cross section.

C. The reactions 0.9 GeV/nucl. 40Ar + 197Au, 238U and

1.8 GeV/nucl. 40Ar + 197Au, 2 3 8U have been studied. The

data analysis for the reactions is not completed.

D. Radiochemical searches for anomalons and their decay

generally gave no positive results although preliminary
40results of a new experiment with 1.8 GeV Ar and Cu has

given encouraging results. New experiments scheduled for

1984 will hopefully give proof for existance or nonexistance

of anomalons.
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Figure captions

Fig. 1 The fragment isobaric yield distributions for the

cases studied in this work along with the distribu-

tions predicted by various theoretical models of

nucleus-nucleus collisions.

Fig. 2 The target fragment mass distribution for the reac-

tion of 245 MeV/A 139La + 139La is shown. The solid

line is to guide the eye through the data. The

histogram represents the prediction of the firestreak

model.
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Integral measurement of energy release due to beta

radiation following thermal-neutron fission of

and 239Pu

235U

P-I Johansson

The energy release from fission fragments within

about 1000 s after fission is a critical parameter for the

design of emergency core cooling systems in reactors.

During the first few seconds after the shut-down of a

reactor the major energy development in the fuel is due to

fissions induced by delayed neutrons. However, after about

10 s, the fission-product energy release is dominating.

Measurements have been performed at the laboratory

with the aim of studying the energy distribution and the

total energy of gamma- and beta-radiation emitted 10 to

1500 s after thermal fission of o-sc
0 and Pu.

5.9.1 Neutrgn_source_and_samgle_gregaration

239
Thermal neutrons for inducing fissions in 235U and

Pu were produced by means of a 6 MeV Van de Graaff
9 9

accelerator together with the Be(p,n) B-reaction using a

thick target and a moderator of paraffin. The neutron flux
8 2

available was about 10 n/(s cm ).

The uranium and plutonium samples were 10 mm in dia-
2

meter, and their thicknefs was about 4 mg/cm . The isotopes
235 239

U and Pu were enriched to 99.3 \ and electro-deposited
2

on 8 mg/cm of titanium. The fissionable material was
2

covered with 4 mg/cm of titanium to ensure that no fission

fragments were lost. The samples were supported by cylin-

ders of (CH2) for transportation by a pneumatic system to

the position for irradiation and measurement.

5.9.2 Beta^raydetectionsjfstem

The beta-ray detector system consists of three Si(Li)
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crystals, mounted in a vacuum chamber and cooled by liquid

nitrogen. A crystal with a diameter of 25 mm and a thick-

ness of 5 mm was the main detector, and the other two worked

in anticoincidence with this one. This will reduce events

with beta particles that are scattered out from the main

crystal. A segment has been cut from the main crystal

making the maximum sensitive depth for a beta particle to be

23 mm.

5.9.3 Sampletransgortationanddatahandling

The sample transportaton, the irradiation, and the

counting times were handled by means of a PDP-15 computer.

An automatic cycle could comprise various irradiation,

counting and cooling times. The spectra were automatically

stored on magnetic tape for off-line data analysis.

5.9.4 ??easurement_of _beta-ray._sp.ectra

Measurements have been carried out with irradiation

times of 4, 10, and 120 s and with cooling times from 10 s

to 15000 s. The method used was to irradiate a sample for a

short time in comparison to the cooling times to be studied

and to measure the beta radiation following the fission

product decay as a function of time after irradiation. For

each cycle two measurements were performed, one without

absorber (beta + gamma) and one with an absorber of 10 mm

aluminium placed between the sample and the detector

(gamma). After a small correction for gamma attenuation in

the absorber, the difference between the two spectra is the

pulse height spectrum from beta particles.

5.9.5 Analysisof betapulseheightspectra

The analysis of pulse spectra from the beta detector

was made by a computer code in which the detector response

matrix was used to unfold the spectra. The differential

data were integrated over beta energy to obtain the total

beta energy release. The beta spectra were corrected for

absorption in the detector window, the sample, the Ti-foil,
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the air between the sample and the detector as well as for

scattering in the air, the detector house, the sample holder

and from the backing material. A geometrical detector

constant including the solid angle of the detector was

experimentally determined by a beta-gamma coincidence

measurement. The constant was obtained for three samples of

uranium and three for plutonium. The gamma radiation

following the decay of 138Cs, 1 3 4I, and 142La was followed

during several hours with a Ge(Li)-detector. Three times

four spectra were recorded: a beta spectrum, an ungated

Ge(Li)-spectrum and a Ge(Li)-spectrum in coincidence with

the beta spectrum. Each of the three spectra was measured

with and without beta absorber and with and without time

shift (for random events). After correction the ratio of

photo peaks, of the same energy, in the two Ge(Li) spectra

is the total probability for detection of the beta par-

ticles in coincidence with the gamma line studied.

5.9.6 Result

235,The result of this work for " U is shown in fig. 1
239and the result for Pu is shown in fig. 2. The figures

show the beta energy emission rate following thermal neutron

fission. The abscissa is the average cooling time

T = T
Average wait

O 5 (T + T
l Irradiation Count

The ordinate is derived by multiplying the total beta energy

B (Average' '
MeV/fission.

B(TAverage) w i t h TAverage' T h e u n i t i s M e V / ( s

Figure captions

Fig. 1 The 0, + and • are data from the present work. No

corrections have been made for the decay of fission products

during T c o u n t-
T n e solid line in the figure is evaluated data

by Schenter and Schmittroth (Int. Conf. Nucl. Cross Section

1979). The A, B, and C are data from Dickens et al.

(ORNL/NUREG-14).

Fig. 2 The * are data from the present work. No corrections

have been made for the decay of fission products during

T .. The A,B, and C are data from Dickens et al. (Nucl.

Sci. and Eng. Ifi, 126-146 (1981).
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6. THEORY

6.1 Simulation studies of condensed matter

I Ebbsjö and T Kinell

6.1.1 Introduction

Computer simulation of the behaviour of a few hundred

particles with prescribed interaction between the particles

is in many cases of great value in studies of condensed

matter. In the molecular dynamics method (MD) used by us,

the classical equations of motion are calculated step by

step on a computer. The microscopic information on posi-

tions and velocities for all particles as a function of time

may then be used for the calculation of the structural and

the dynamical properties of the system studied. In most

studies one assumes pair wise interactions and for the cases

where these are considered realistic, comparison may be done

with results from measurements on real samples.

Much of the work has been devoted to the calculation

of dynamical structure factors which are relevant to neutron

scattering studies. But also the calculation of more

accessible properties such as the self-diffusion coefficient

and thermodynamic data are important in the judgement of how

realistic the chosen interaction in the simulation is.

6.1.2. Rubidium

The analysis of the properties of supercooled liquid

rubidium has been continued during the year. This project

is done by Thomas Kinell in cooperation with dr S W Lovesey,

Rutherford Appleton Laboratories, England. Calculations for

four systems with different temperatures and densities have

been done on the CRAY-1 computer in Daresbury.
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A common feature of all properties studied so far is

that they are all liquidlike even when we supercool down to

85 degrees below the melting point. The pair distribution

functions show an increased structure as the temperature is

decreased, and at the lowest temperature we observe no extra

peaks as in amorphous structures. The height of the main

peak in the static structure factor increases with about

20 %. The compressibility has not yet been evaluated. The

selfdiffusion coefficient D is calculated both from the

squared displacement function (SDF) and the velocity auto-
-9 2correlation function (VAF). D is 2.2"10 m /s at the
-9 2melting point and drops to about 0.8*10 m /s at 85 degrees

below the melting point. The temperature dependence of VAF

is rather weak, and the frequency spectrum of VAF shows no

tendency of increasing high frequency components as we

supercool the liquid.

A closer analysis of VAF showed that it was not

possible to determine any long time behaviour. A larger

system has to be used and, if possible, better statistics

has to be achieved. The memory function of VAF and its

frequency spectrum have also been determined. At the lowest

temperature the memory function becomes very long-lived, and

in its frequency spectrum we see a rapidly increasing value

at w=0. Concerning the short-time behaviour we find for the

mean force, which we also get directly from the simulation,

a weak dependence on temperature. It is much weaker than

for a Lennard-Jones system, but the density dependence is

about the same. The nearest neighbour configuration round

an average particle (in a liquid about 12) has also been

studied as a function of time. It clearly shows that it is

not possible to describe the process as a single exponential

decay. We see a fast initial decay with an average loss of

one particle, and then follows a more slowly decaying

process.

Finally we have calculated the coherent intermediate

scattering function for 20 q-vectors corresponding to 12
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different q-values up to the position of the main peak in

the static structure factor. The dynamical structure factor

S(q,w) will be evaluated by Fourier transforming the inter-

mediate scattering function. A preliminary analysis shows

that S(q,w=o) depends strongly on temperature.

6.1.3. Sodium

The simulation of liquid sodium at 400 K is done in

close connection with the neutron scattering experiment on

this element at the R2-reactor in Studsvik (U Dahlborg and

0 Söderström).

The first principal aim was to calculate the cohe-

rent and the incoherent dynamical structure factors which

was also used for the multiple scattering corrections of the

experimental data. These factors are obtained by Fourier

transformation of the intermediate scattering functions

which have been calculated for 31 magnitudes of the wave

vector in the wide range 0.23 < q < 5.50 A" .

For the interaction between the particles a pair

potential due to R Taylor is used. This interionic poten-

tial is calculated via pseudopotential theory by guidance of

the charge density induced by an isolated ion in an electron

gas.

Position- and velocity-data have been calculated for

two systems, each consisting of 500 particles in a cubic box

of side 1^27.5 A. The first system consists 1440 confi-
-14

gurations with the time step At = 2'10 s and a cut-off

distance r = 7.3 A in the interaction. Then about 40

particles are within the interaction sphere, and the dis-

tance r is chosen to give a negligible force at the surface

of the sphere. The other system has been followed to give

2880 configurations with At = 1'10~14s and rc = 10.03 A

(this r is recommended by R Taylor). The total time is
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thus about 29 ps for both systems. (The energy conservation

is better for the system with At = 1'10~14s).

For the self-diffusion coefficient we obtain
-9 2Dfid5.5'1O m /s which compares well with the experimental

result (Larsson, Roxbergh and Lodding, 1972).

From the long wave limit of the static structure

factor we obtain a value of the isothermal compressibility

which is about 15 % larger than reported from experiments

(C L Lu 1975). From the fluctuations in temperature we

obtain c 3.2 kg/ion but this result we consider rather

uncertain.

The velocity of sound obtained from the position of

the Brillouin peak, seen in the coherent dynamical structure

factor for small values of the wave vector, is only 5 %

above the experimental result (Pochapsky 1951).

For comparison with the results of the neutron
scattering experiment we have made more detailed calcula-
tions of F (q,t) for a few q-values, both directly from the

s
position data as well as the calculation of terms in a

cumulant expansion of F (q,t), which shows that the Gaussian
s

approximation may give a width at half maximum of S (q,w)
s

that deviates up to 20 % from the more complete calculation.

Also the coherent part of the intermediate scattering

function F(q,t) has been evaluated for the same q-values in

order to be able to calculate the total dynamical scattering

function. In F(q,t) we clearly see differences between the

two systems studied, and these differences will be reflected

in S(q,w). The relation between the frequency spectrum of

the velocity autocorrelation function 4»(w) and the current

correlation function associated with the single particle

density for finite q-values has been studied at q 0.7 A ,

and we find an excellent agreement. This result points to

the possibility for experimentalists to determine 4>(w) from

the single particle dynamics.
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The simulation data have been used for investigating

certain aspects of the exact relationship between the

interaction, the pair distribution and the three body

distribution functions in a system with pair-wise forces

6.1.4 The_solid_electrol£te_Ag2§

In cooperation with dr P Vashishta, Argonne National

Laboratory, USA, and R Oejus in prof K Sköld's group at

Studsvik we have started a series of calculations on the

solid electrolyte Ag2S. When this compound is heated above

177 C the ionic conduction increases dramatically. The

explanation at a microscopic level to this observation is

that the silver ions are mobile in a frame of sulfur ions

arranged in a bcc-lattice. The self-diffusion coefficient

for the silver ions has the same size as in liquids.

The same model for pair-wise interactions was used

for Ag_S as P Vashishta and A Rahman have used for Agl and

Cul. Besides a repulsive term for the interaction at short

distances and the Coulomb interaction between ions there is

an attractive term for ion-dipole interaction. Initial

values on parameters such as ionic sizes and effective

charges are determined from structural as well as thermo-

dynamic properties for the real system.

At a visit at Argonne in November extensive MD-

calculations on Ag2S have been done with the computer

program* developed at Studsvik. The analysis of data for

several systems in the temperature interval 330 - 835 K

shows good agreement with the experimental results on the

temperature dependence of the selfdiffusion coefficient for

the silver ions and the vibrational amplitude of the sulfur

ions. The silver density in the unit cell shows that the
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conduction paths are along [100]-directions. Correlation

functions giving the dynamical structure factor in the

region where enhanced intensity is observed in scattering

experiments have been calculated, and the results for the

model have similar trends as obtained in recent neutron

scattering experiments. On the basis of these promising

results two abstracts have been sent to the APS-meeting in

Detroit, 26-30 March 1984.

6.2 List of publicatons

1. I Ebbsjö, G G Robinson, and N H March, Structure and

Forces in Simple Liquid Metals, Phys. Chem. Liq. 13.

65 (1983).
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7. ACCELERATOR RESEARCH

7.1 Target developments for CELSIUS

C Ekström and B Holmqvist

The CELSIUS (Cooling with Electrons and Storing of

Ions from the Uppsala Synchro-cyclotron) project in Uppsala

represents one of the major Swedish endeavours in the field

of low and intermediate energy nuclear physics. The facili-

ty will consist of a storage ring for light ions, injected

from the Gustaf Werner Institute (GWI) synchro-cyclotron,

with electron cooling to improve beam properties and thin

internal targets to be used in the experiments. The res-

ponsibility for the project is shared between the Tandem

Accelerator Laboratory and GWI at Uppsala, the Royal

Institute of Technology at Stockholm and the Studsvik

Science Research Laboratory at Nyköping. The target

developments for CELSIUS are being made at Studsvik.

The use of thin internal targets is essential to

fully utilize the capacity and unique properties of a

storage ring with electron cooling, like CELSIUS. The

advantages may be summarized as follows:

a) High luminosities and count rates

b) High energy and angular resolutions

c) Efficient use of the ion-beams from the

accelerator

d) Undisturbed reaction product

e) Low background

f) A variety of targets

The last point is illustrated in Table I, followed by brief

comments on the different target alternatives.
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Table I

Internal targets and expected luminosities, assuming 10

particles in the CELSIUS ring.

Target

Fiber Target

Ga3-Jet Target

Polarized Atomic-

Beams

Target

material

C, Si, W

H2

noble gases

H

Thickness
2

(atoms/cm )

1016

101*

2 1011

Luminosity

(cnf 2s~1)

2

2

5

1O32

1030

1O27

D, N, F, alkalis

ISBIT Wide choice Between those of gas-jet

Isotope-Separated and polarized atomic-beam

Beams

The fiber targets are expected to be relatively

simple in construction and opsration. To stand the heating

from the circulating beam, they should be made of some

refractory material like carbon, quartz or tungsten. Taking

into account the overlap between the thin (diameter about

1 |jm) fiber and the circulating beam, we have an effective
16 2

target thickness of the order of 10 atoms/cm and a lumi-
32 -2 -1

nosity of 2'10 cm s . In fact, this luminosity repre-

sents an upper limit put by the heating and evaporation of

the fiber.

The gas-iet targets are operational for hydrogen at

several laboratories with target thicknesses of 10

atoms/cm , corresponding to a luminosity of 2'10 cm s

in CELSIUS. It should be possible to reach similar numbers

for heavier gases like deuterium, nitrogen and the noble

gases, by adapting the input parameters for the gas and the

nozzle.
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The polarized atomic-beams are two to three orders of

magnitude weaker than the molecular cluster-beam (luminosi-
27 -2 -1ties of 5'10 cm s ) because of the lower input pressure

and the polarization. The polarization may be obtained

either by state selection in sextupole magnets or by optical

pumping induced by laser light. Due to the complexity,

these targets will most probably be represented only in the

second-generation experiments at CELSIUS.

The fourth possibility is the new and interesting

concept introduced by G Andersson ; Isotope-Separated Beams

as Internal Target (ISBIT). The low-energy ion-beams from a

mass-separator arc injected into an additional small storage

ring, intercepting the main ring. There is a wide choice of

target material, and the estimated target thicknesses and

luminosities range between those of the molecular cluster-

beams and the polarized atomic-beams. This concept, which

also includes polarized ion-beams, requires further con-

sideration.

The target developments at Studsvik are concentrated

on the construction of a gas-jet target for hydrogen,

similar to that of the SPS-target at CERN . The hydrogen

gas is injected from the top, and after passing the cooled

nozzle and collimators, the cluster-beam intercepts the

circulating ion-beam vertically, leving the horizontal plane

free for detectors and spectrometers. The gas-jet beam dump

is below the main ring. A general problem with the gas-jet

targets is the requirement for strong differential pumping

both at the beam formation side and at the beam dump, not to

destroy the vacuum in the main ring. The cost of the pumps

is about 2 MSEK, representing a substantial part of the

budget for the target developments. The vacuum chamber in

the intersection region should be made flexible to accept

different detector arrangements, eventually also the in-

sertion of a fiber target.
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At present, experimental facilities are being pre-

pared for the target developments. In order to optimize

that work, a close contact is held with the existing target

groups , as well as with the other laboratories working

on the CELSIUS project.
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